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Abstract.
The dynamic performance evaluation of robots has proved difficult 
because of a lack of suitable measurement equipment. This thesis describes 
a novel instrument for the dynamic position measurement of industrial 
robots. The instrument consists of a retro-reflective target that may be 
attached to any point of the robot arm and two stationary measurement sub­
systems. Each sub-system generates a laser beam which follows the target. 
By simultaneously recording the positions of these beams and the distances 
from their centres to a known point on the target, sufficient information 
may be obtained for the subsequent off-line calculation of target position.
A single measurement sub-system, which includes all of the components 
present within the complete instrument, has been designed, constructed and 
tested. Its optical, geometric and control requirements are discussed, and 
its interface to a micro-computer system is described. Both state-space 
methods and classical control techniques have been employed in the design 
of the controller; the unique features of which are its two modes of 
operation (distinguished by whether the system is tracking the target or 
not) and its ability to rapidly switch between them.
Results are presented showing recordings of the end effector 
trajectory of a pneumatic point-to-point robot as it moves in a vertical 
plane at normal operating speeds. In addition, a precision servo-driven 
linear-motion device has been used for calibration purposes. These tests 
show that the instrument can record robot movements with speeds of up to 
1.5m/s at a maximum sampling rate of 3«47kHz. Its accuracy (without signal 
averaging) is +0.7mm horizontally and £2.2mm vertically. Greater precision 
was not possible owing to problems of electrical interference within the 
circuitry of the prototype instrument.
the memory of my father, 
John Alfred Gilhy.
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CHAPTER 1 
INTRODUCTION
1
1. INTRODUCTION
Robots began to be introduced into manufacturing industry 
approximately ten years ago, though the first devices which would be 
recognised as present-day robots were first patented in the 1950's and the 
first commercial machine appeared in the early 1960's [l ]. In 1975 there 
was less than three thousand industrial robots in use throughout the world 
but this figure has risen steadily to about forty thousand now and is 
projected to rise to more than one hundred thousand by the end of 1990 [2]. 
Thus the application of robots throughout the world is increasing rapidly.
In conjunction with the rise in number of robots there has been a 
corresponding increase in the variety of their applications. As well as 
their initial uses which included spot-welding, die-casting, and paint 
spraying, they are now being used for applications such as assembly and 
inspection, and there is even a serious programme of research aimed at 
eventually introducing them into sheep-shearing. Many of the new areas of 
application have only become feasible as the robots have been improved, or 
new sensors have been developed for them.
The consensus of opinion of those working with industrial robots is 
that there will be increasing use of sensors which will allow robots to 
operate in less determined environments and that the robots themselves will 
become lighter and faster as improvements are made to their mechanical 
structure and control systems. In addition, there will be increased use of 
off-line programming as more robots are employed as elements of complex 
manufacturing centres as opposed to being stand-alone devices. Off-line 
programming will also become more important owing to the anticipated 
greater integration of computer-aided-design and coraputer-aided-
2
manufacturing.
As the use and familiarity of industrial robots has grown, so have the 
demands placed upon them. This has given rise to the problem of assessing 
the suitability of a particular robots for a given situation. Unlike many 
other machines, most robots are designed so that they can be used in widely 
differing situations and even those which are highly specialised have the 
characteristic that the same mechanism is capable of radically different 
working cycles. The problems are compounded by the kinematic complexity of 
most robots and the lack of a straight-forward relation between the 
geometry of the robots and that of the application (for example, many 
manufacturing operations require straight-line motion of a tool or work­
piece but such a trajectory can involve the use of all of the robot’s axes 
regardless of where it lies within the robot's working volume).
1.1 The Performance Evaluation of Industrial Robots.
Unlike hard automation systems, industrial robots can be re-programmed 
to perform tasks which may not have been envisaged when the machines were 
first purchased. However, it is accepted by most authors that the 
evaluation of a robot must be related to a specific application and that, 
as a result, it is not possible to establish absolute performance 
standards. Thus the work on performance evaluation of industrial robots 
may be divided into two groups: evaluating a particular robot for a given 
application, and defining and determining the values of robot parameters 
which can give an indication of the suitability of a robot for a range of 
applications. For the latter case, it is only when a robot is being 
considered for use in a specific situation that the relative significance 
of the parameters can be established and a judgement made. It should be
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noted that here, as elsewhere, the term "parameter" is being used rather 
loosely and often does not refer to a single quantity. For example, the 
working volume of a robot is seldom described by a single numerical value 
but is usually shown instead as an orthographic projection of a three- 
dimensional object; although, the maximum reach and volume in cubic metres 
have both been used to compare different robots.
At an early stage in the introduction of robots it was noted that the 
choice and definition of useful robot parameters is not obvious [ 1, 3]» 
Coiffet and Chirouze in their book cite the example of attainable volume 
[4]* This is more commonly referred to as working volume and is specified 
by most robot manufacturers for their machines. However, owing to the 
limits of each articulation and the mechanical coupling between them, it is 
not possible, even for a robot with six degrees-of-freedom, for the end 
effector to be arbitrarily orientated at all positions within the volume. 
Coiffet and Chirouze suggest a map of the minimum angular range of the end 
effector but not that even that does not convey all of the necessary 
information. Warnecke and Schraft have given the most comprehensive 
decomposition of the robot's space and make the distinction between 
"mechanical" and "control" spaces [5 ]• The first includes all positions 
that the robot arm can be placed in but the second only includes those 
which can be maintained by the controller. Ho example is known of a 
manufacturer describing the working volume of one of their machines with 
the detail that Warnecke and Schraft advocate.
In view of the difficulties caused by differing definitions of robot 
performance parameters and the conflicting use of terminology, some form of 
standardisation is considered to be beneficial by most peo pie. 
Nevertheless, the opposing view that the introduction of standards will
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tend to restrict further advances is also held by others. Inagaki makes 
the distinction between standards which need to be established as soon as 
possible (terminology, characterisation, etc...) because they promote 
further development of robots and their application and those which would 
place restrictions on manufacturers and users (inspection, design rules, 
etc...) [6]. This distinction is broadly reflected by the standards which 
are in existence or are currently being prepared [7, 8, 9]: they are
almost exclusively concerned with terminology and characterisation.
The means to measure many robot parameters are readily available and 
for those the only debate is about whether the parameter is informative and 
how to specify its value. Other parameters, in addition, give rise to 
difficult measurement problems. This is particularly so for those which 
relate to position accuracy and dynamic performance [l, 3]« ' Unlike many 
machine tools, these parameters cannot generally be considered as the 
simple sum. of the effects of each machine axis because of complex 
interactions which result from robot geometries.
1.2 Existing Techniques for the Measurement of the Static and Dynamic 
Characteristics of Industrial Bobots.
The parameter most commonly quoted when specifying the position 
accuracy of an industrial robot is static repeatability [10]. This can be 
measured with relatively inexpensive metrology equipment such as vernier 
■calipers and dial gauges normally found within engineering workshops 
[11,12] and, as such, this is probably the usual technique for measurement 
of robot position. The method requires a datum object to be placed at an 
arbitrary location within the working volume of the robot and the robot 
taught to move to a point which is close to it. The point must be
5
sufficiently far away from the object so that any overshoot by the robot 
when approaching the point does not cause a collision which might damage 
the equipment or change the datum-object's position. A measurement cycle 
consists of moving the robot away from the point and then back again and 
once the robot has reached its final position, the relationship between it3 
end effector and the datura object is determined by direct measurement. The 
procedure must be repeated until sufficient data for statistical analysis 
has been collected.
An improved version of the above technique which has subsequently 
formed the basis for other work has been described by McEntire [ 13]- This 
involves the use of an accurately machined "partial cube" which consists of 
three mutually perpendicular faces and a means of attaching it to the end 
effector of the robot. This is brought close to a fixed array of six dial 
gauges located at an arbitrary position within the robot's work-space. 
Initially the contact points of the gauges are retracted so that the robot 
does not damage them, but, once the cube has attained its final position, 
each is released in turn and a reading taken. From these measurements both 
the position and orientation of the cube (and therefore the end effector) 
can be determined with respect to the array of dial gauges. The method's 
important characteristics are the use of a "partial cube" reference object 
(elsewhere also referred to as a "trihedron") and the careful choice of 
dial gauge positions which simplifies the algorithm used for calculation.
Unfortunately, McEntire's algorithm for determining orientation is 
incomplete because he considered that "orientation can be described by a 
unit vector". Such a vector has only two degrees of freedom whereas an 
arbitrarily placed object requires three parameters to describe its 
orientation with respect to a particular reference frame (for example: the
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three Euler angles or the three components of a Rodrieges vector which need 
not have unit length). It was McCallion and Truong who first pointed out 
the omission and published a correction [14], but the problem has also been 
noted by Priel and Schatz who highlighted the problem of there being no 
universally acceptable method of specifying the orientation of an 
industrial robot [15]»
A test procedure similar to McEntire's but employing nine dial gauges 
has recently been given by Ranky [ 16]. However the author makes the same 
mistake as McEntire by defining the orientation vector of the robot hand to 
be the sum of the three unit-length normals to the faces of the cube; 
nevertheless, his algorithm does give these normals and so may be used to 
specify orientation, however defined, with little difficulty. The use of 
nine dial gauges considerably simplifies the algorithm for determining the 
six degrees of freedom of the cube because each set of three gauges 
touching a face can be used to find that face's position independently of 
the other two faces and six gauges. Ranky claims that the three 
superfluous items of information can be used to test the experimental rig's 
perpendicularity errors, but the rig can easily have combinations of errors 
which would not be evident from the dial gauge readings. For example, to 
use the measurements to determine whether the faces of the cube are 
mutually orthogonal, the position and orientation of the dial gauges with 
respect to each other must be assumed to be perfect. Ranky himself admits 
that the perpendicularity errors have been found to be negligible. 
Probably the most important contribution of the work is the associated 
computer software which is based on the recognition that scalar data given 
by most robot manufacturers does not provide sufficient and precise 
information about the positioning and orientation errors, and therefore 
utilises vector methods.
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Although dial gauges are able to measure the position of a robot with 
respect to a reference object to a high degree of precision, many authors 
have recognised the need to automate data collection so that sufficient 
information for statistical analysis can be collected without the need for 
tedious and time-consuming manual data-logging. The most popular technique 
is to use a "partial cube" reference object and a number of inductive 
sensors. This technique was probably first used by the Institut fur 
Produktionstechnik und Automatisierung der Fraunhofer-Gesellschaft 
(situated in Stuttgart and commonly referred to as the I.P.A.) [l7,18,19]. 
Inductive sensors allow non-contacting measurement so the reference object 
can remain stationary throughout the measuring cycle despite any over-shoot 
in the robot's motion. In addition, they can also be used to record the 
path followed by the robot's end effector as it approaches its final 
destination. Thus the size and nature of any over-shoot can be determined. 
The I.P.A. have used arrays of three sensors which provide just robot 
position information but are aware that, by using a further three sensors, 
orientation can also be measured [5]« (The arrangement given for six 
sensors is identical to that of McEntire.) Equipment built at the 
Laboratoire National d'Essais (situated in Paris and commonly known as the 
L.N.E.) for static accuracy measurement uses nine inductive sensors [1 5]. 
They have a range of two millimetres with a resolution of one micrometre 
and a band-with in excess of 10kHz.
Earlier work by the I.P.A. employed contacting sensors consisting of 
flat headed plungers with electrical position transducers on their shafts 
against which was pressed a spherical reference object. A similar 
technique, but using a different mechanical arrangement, has been described 
by Cop [20] and is in use in Czechoslovakia. Although these systems permit 
automatic data acquisition, they are not as robust as those using non­
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contacting sensors, cannot reliably measure transient response, and apply a 
small force to the robot- However, an automatic contacting measurement 
method which avoids possible high-speed collisions of the reference object 
with the measurement sensors and applies minimal force to the robot arm has 
been developed by Renault [21]. A touch-sensitive probe of the sort found 
in three-dimensional-measurement machines is attached to the robot and a 
reference object moved up to it once it is stationary. The reference 
object has three perpendicular faces and is mounted on three linear 
positioning devices which are each driven by stepping motors. By moving 
the reference object so that each of its faces touches the probe one at a 
time, each of the probe's co-ordinates can be deduced from the number of 
motor steps taken to reach the position. The system is slow compared to 
one using inductive sensors but requires no calibration and only the 
simplest of data acquisition facilities. High accuracy can be achieved 
because linear positioning devices which move by micrometre for each motor 
step are readily available (their principle application is for the 
automatic positioning of optical components).
An optical non-contacting measurement device has been used by 
Phillips, Cowell and Bell at Loughborough University for the assessment of 
an industrial robot [22]. The device, known as an Opticator, uses a high- 
stability single-axis position sensitive photo-detector with an infrared 
light source to give precision measurement of the distance to a light 
scattering surface [25]. .■■It has a resolution of one part in 4000 and 
versions are available with measuring ranges of 8 to 256mm. The work was 
prompted by a need to assess the suitability of a robot for a particular 
application (namely: the inspection of components by a ASSA IRb6 robot 
fitted with an Opticator), rather than by a desire to develop a more 
general means of testing robots; nevertheless, values for repeatability
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were obtained throughout the robot's working volume under a number of 
conditions. The major drawback of the method is the cost of the opticators 
(£6000 to £8000 each) [24]. This is likely to be prohibitive for a system 
which is solely dedicated to measuring repeatability; particularly because 
it is only able to measure repeatability in one direction only at a time 
and either three are required or the measurement directions must be 
carefully chosen.
To assess the measuring capabilities of a robot, the researchers at 
Loughborough needed to know not only the random error in robot position but 
also any systematic error in positioning (the former error is required for 
the assessment of the system's attainable accuracy and the latter is 
required for its calibration). However they found that it was not possible 
to perform absolute accuracy testing because a highly accurate co-ordinate 
measuring machine was beyond the resources available; so they carried out 
"local accuracy testing". The robot was used to measure the width of a 
cube (approximately fifty millimetres across) at various points within the 
robot's working volume, and the results were found to display significant 
trends. They consider that it may be possible to use this information to 
compensate for some of the robot's systematic positioning errors. This 
performance assessment technique does not appear to have been considered by 
other people working on the evaluation of industrial robots and it has not 
been included in the various proposals for European standards on robot 
testing and standardisation of terminology [Q,9]• Much of the existing 
equipment for repeatability testing can be readily adapted so that it can 
perform local accuracy testing, but further work on the algorithms for the 
analysis of the resultant data is required before this can become a useful 
evaluation technique.
The methods which are currently being used for full-volume accuracy 
testing are: direct mechanical measurement, triangulation using 
theodolites, and photogrammetry. Theodolites are only able to measure the 
position of a stationary target whereas both of the other methods have been 
used to determine the co-ordinates of moving targets; however, in the case 
of direct mechanical measurement, radically differing equipment has been 
used for static and dynamic measurement. It should be noted that any 
system which can be used for dynamic measurement of robot arms can also be 
used for static measurement, but normally the equipment does not have 
sufficient precision for static accuracy determination if it can measure 
the position of moving robot arms.
J~ The use of theodolites for the measurement of the co-ordinates of 
points on target objects such as air-frames or antennae is well established 
in addition to their more usual civil engineering applications [25]. They 
have been applied to the robot accuracy problem by the car manufacturers 
Renault who have also developed a range of industrial robots which are both 
used within their own factories and sold to other users. Before sale, each 
of their robots is calibrated by measuring its position at a number of 
points within its working volume and then performing an iterative fit to 
determine the length of each link in the arm. This information is then 
entered into the read-only memory of the robot controller so that the 
manufacturing tolerance on the arm’s various elements does not degrade the 
overall position accuracy of the robot [21].J
There are two problems whose significance increases when theodolites 
are used at very close range: determination of the relative position and 
orientation of the two theodolites, and sighting errors that are due to 
ill-defined targets. The first problem was solved by the researchers at
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Renault by distributing a number of rods of a known length throughout the 
measurement volume, and taking a sighting of each of their ends. The 
theodolite positions were then determined by finding the relative position 
which minimised the sum of the squares of the distances between 
corresponding lines of sight and gave the best fit to the length of the 
rods. By this means, they avoided the need to rely on optical plummets or 
extra targets mounted directly of the theodolites. The second problem was 
solved by the development of a special target consisting of five point 
light-sources arranged as five corners of a regular octahedron. Each 
light-source is a 0.5mm diameter polystyrene sphere and can be accurately 
sighted from a wide range of incident angles. More than one source is used 
so that orientation of the robot end effector can be measured as well as 
its position because, in general, at least three points are always within 
the field of view of both theodolites. The accuracy achieved by this 
method is +0.1 mm for position and about 10 ^ radians for orientation [26].
To determine the accuracy of industrial robots as well as 
repeatability, the I.P.A. have built a test stand which consists of a large 
stable base plate upon which is mounted the robot under test and a 
mechanical three-dimensional-measurement instrument. The instrument can be 
used to move a reference object in any of three mutually orthogonal 
directions and so can determine its position anywhere within a set volume 
and therefore the relationship between it and the robot. The difference 
between the reference object and the robot end effector is measured by the 
inductive sensor system described above [l 7,1 8,1 9,5]• (This work was part 
of the first major programme of robot performance evaluation.) A similar 
system, but on a smaller scale, has also been constructed by the L.N.E. 
[15]» Their system consists of a plate with a number of clamping devices 
which permit several partial cubes to be arbitrarily positioned. The
location of each cube is determined by direct mechanical measurement when 
used in a laboratory situation or by theodolites when used in the robot's 
normal working environment. For the latter case, a version of the target 
developed by Renault is being employed.
The work at the I.P.A. has also included measurement of path accuracy 
as well as static accuracy and repeatability. Their method is to set up a 
hundred-millimetre-square aluminium bar within the robot's working volume 
and determine its position with the three-dimensional-measurement 
instrument. The robot is then taught the straight-line path defined by one 
edge of the bar and an array of inductive sensors is used to measure the 
distances from the two faces of the bar which define the edge. By this 
means they can measure (for continuous path robots) parameters such as: the 
difference between the taught and actual paths, the random changes between 
robot cycles, and the accuracy of the robot controller's straight-line 
interpolation facility. The measuring head that has been used consists of 
only two inductive sensors: one for each of two adjacent faces of the bar. 
Thus they can only measure the departure from the straight line in two 
mutually orthogonal directions; the device cannot measure the distance 
travelled along the bar or changes in orientation of the robot end 
effector. Warnecke and Schraft in their book do suggest the use of an 
array of four sensors but that would neglect at least one measurable degree 
of freedom (the arrangement they give could not measure rotation of the 
robot end effector about the line of travel).
The L.N.E. report that they are constructing a system for path 
accuracy which is similar to that used by the I.P.A. [ 15]• However the 
structure defining the path is to be less flexible than that used by the 
I.P.A.; it consists of a single solid object some of whose edges define two
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paths: one is circular, and the other includes both straight line travel 
and movement along circular arcs. The paths are fixed and cannot be 
modified in any way. No details are yet available concerning the measuring 
head except that it will be similar to the one which they are currently 
using to measure repeatability. In particular, there is no information 
about the number of inductive sensors to be employed.
Neither the I.P.A. path accuracy system nor the one proposed by the 
L.N.E. are able to measure the displacement or velocity along the direction 
of travel. A system constructed by the Czechoslovakian Metalworking 
Industry Research Institute (V.U.K.O.V.) and described by Cop is able to do 
this [20]. The system uses a roller which touches the bar and whose 
rotation is measured by both a tachometer and an incremental encoder. By 
this means, they have measured the one metre stroke of an industrial robot 
to an accuracy of 0.01mm and with a maximum speed of 1.5m/s.
The above systems for the position measurement of moving robot arms 
suffer from the disadvantage that only a limited range of trajectories can 
be measured. Normally such techniques could only be used for robots with 
continuous path control because of the arbitrary motion of point-to-point 
robots when moving from one position to another. In addition, the 
information provided by such systems cannot be easily used for purposes 
such as determining the best robot working cycle in a particular 
application or adjusting the parameters of the robot’s controller. 
Nevertheless, they can be useful where high-accuracy low-speed path 
following is required. (Of the small number of results published by the 
I.P.A., the fastest straight line motion is less than 0.2m/s, but it is 
suspected that this is due to the limitations of the robot rather than an 
inability of the equipment to measure a faster motion.)
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Two systems have been built for the measurement of arbitrary robot 
trajectories using a mechanical link between the robot and stationary 
points: one is described by Cop and the other has been developed by the car 
manufacture, Peugeot [27]• The system described by Cop consists of a 
mechanical arm which is connected to the end of the robot by a spherical 
joint. The arm is completely passive, having no actuators and being moved 
by the robot. Three rotary encoders on the joints measure the angle 
between the links and this information can be combined with a knowledge of 
its geometry to determine the position of its connection to the robot. For 
a measurement volume of 1m x 1m x 0.5m an accuracy of 0.2mm has been 
achieved with a maximum speed of 1 m/s.
Peugeot's system for measuring trajectories uses three wires wound
around drums which are attached to potentiometers. The other ends of the
wires are each linked to the robot so that when the arm moves the
potentiometers respond to the changes in the length of the wires. the
tension maintained in the wires is between half and one kilogram, and the
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sensors are satisfactory up to an acceleration of 10m/s . Davey has 
expressed the view that, although the system is in principle viable, there 
seems to be many needless limitations on the accuracy (for example, 
accuracy problems in the off-line computation) [21J. Both this device and 
the one described by Cop suffer the disadvantage of applying a variable 
force to the end of the robot arm.
The use of short-range photogrammetry for measuring robot position has 
been investigated by the National Engineering Laboratory [28]. The method 
involves taking pictures of a flashing target with two (or more) precision 
cameras which have convergent view points. They are currently achieving an 
accuracy of one part in 32000 which gives a resolution of about 0.2mm
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throughout the measurement area, although claims of one part in 48000 have
been made for a commercial system which is not designed specifically for
the measurement of robot position. The limit of accuracy is due to
measurements from the photographs as is the number of points which can be
measured and how fast data is available. However, improvements in the
accuracy of the technique are being made: the National Physical Laboratory
is developing a camera which is being designed specifically for close-range
photogrammetry [29]* It uses a spherical lens which can theoretically be
fabricated to give no distortion and provide sharp images over a large
depth of field. Using such a camera in conjunction with suitable targets
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and computer algorithms, they consider that a precision of one part m  10 
may ultimately become attainable.
The Laboratoire National d'Essais have also begun work this year on 
the use of photogrammetry for robot position measurement [15]* Their aim 
is to use two high-definition video cameras to give real-time calculation 
of robot position and they anticipate that the system will be limited by 
camera performance. (The limitations envisaged are: low resolution and 
speed of data acquisition.) As a first stage in the development of the 
technique they are constructing a photogrammetry system using plate cameras 
and a stroboscope. The photographs will be converted to a digital form by 
a camera with a linear array of photodiodes to give a 2000 by 3000 pixel 
resolution. By this means they hope to develop and test the software for 
position calculation before constructing a final version of the measurement 
instrument hardware. This work is at too early a stage of development for 
an assessment of its accuracy to be given.
Two commercial instruments for recording the path of a robot have 
appeared on the market since the work at the University of Surrey began.
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One of them uses a two camera photogrammetry method [30]: the targets 
attached to the robot arm are light-emitting-diodes and the two cameras 
each use position-sensitive photo-detectors to record the position of the 
target images rather than the exposure of a photographic plate. The system 
has a maximum sampling rate of 10kHz which is more than adequate for most 
robot trajectories and a resolution of 0.025$ of the measuring range. 
However the accuracy of the instrument is quoted by the manufacturer as 
being 0.5$ of the measuring range which would be too low for many 
applications. It is unclear whether this reflects the fundamental limit 
of the detector or whether substantial improvements in accuracy are 
possible.
The other commercially available instrument for measurement of 
arbitrary robot trajectories is an optical scanning device [31]• It uses 
three polygonal mirrors to sweep fan-shaped beams of white light across the 
measurement volume within which targets in the form of assemblies of four 
retro-reflectors reflect part of the beam back along its path to be sensed 
by photodiodes in the scanning unit. By measuring the time taken for the 
rotation of each scanner and the time in their cycles at which the 
reflections occur, the position of the target can be calculated. The 
advantages of the system are that it is not subject to the distortions 
normally associated with systems using lenses and that position measurement 
is converted into time measurement which can be carried out with great 
precision. The manufacturer claims an accuracy of 0.2mra in two 
perpendicular directions and 0.4mm in a third at a distance of two metres 
from the instrument and at a sampling rate of 600Hz. These values are 
reduced to 0.9mm and 9«0mm respectively at a distance of ten metres, but 
can be improved by averaging if a lower sampling rate is permissible. 
However, the instrument has the inherent disadvantages of not
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simultaneously measuring each of the scanner positions and although the 
target gives a reflection for a very wide range of beam incidence it has no 
optical centre about which it can be rotated and still give the same 
reflection. The effect of the former disadvantage can be minimised by 
increasing the scanning speed and the latter by reducing the target size. 
When quoting the accuracy of the system, neither the maximum target speed 
nor its range of rotation have been stated by the manufacturer. It is 
likely that the measurement band-width will remain too limited for some 
robot performance-evaluation purposes owing to the maximum speed of 
scanning which can be achieved.
A technique for the evaluation of an industrial robot's dynamic 
characteristics which is being investigated by both the I.P.A. [32] and the 
American National Bureau of Standards [33] is modal analysis. Although the 
method does not give the position co-ordinates of the arm, it does give 
information concerning the dynamic behaviour of the robot structure. The 
work at the I.P.A. uses a mechanical excitation of the robot (either the 
hammer or snap-back method) to identify the modes of vibration of the arm 
when it is in a particular position and to determine its overall elastic 
behaviour. Their aim is to determine the weak points of a structure and 
analyse its long-term performance. Initial experiments have already 
permitted them to identify a joint of a particular type of robot whose 
performance is degraded by wear and lead them to the conclusion that in 
most cases the arm is much more stiff than the joints. However they note 
that to measure the low frequency behaviour of a system or one which is 
non-linear, other methods of excitation should be used. In particular, 
they suggest injecting a white noise signal into one of the drives. This 
is the method used by the N.B.S. Not only have the N.B.S. examined the 
frequency response of a robot arm, but they have also made comparisons of
its response to the same signal at different times in its working life. 
Two techniques were used to assess this data: changes in frequency
response, and the degree of coherence between the response error and input 
excitation. Both were able to show the presence of a defect but the 
technique based on the coherence of the test excitation and response error 
was found to give the most clear indication about the presence and nature 
of the defect.
1.3 The Objective of the Research.
At the beginning of the research programme, only low-speed testing of 
robots following a limited range of trajectories had been achieved, but 
several people had indicated that the existing measurement techniques were 
likely to be inadequate for supporting all of the future developments of 
robots and their applications. In addition, little of the extensive work 
on robot simulation had been tested experimentally owing to the lack of 
suitable measurement methods.
The need for information concerning the dynamic performance of robot 
arms is also likely to grow as greater use is made of sensory feedback to 
allow for indeterminacy in the robot’s working environment. The use of 
such sensors may result in a lower need for high positioning accuracy of 
some robots, but at the expense of increasing the complexity of their 
control systems; the design of which will require the dynamic 
characteristics of the arm to be known. However, despite the greater use 
of robots with sensors, it is likely that the type of robot installation 
currently in use will continue to be economically viable for many years to 
come just as robots have not completely replaced manipulators (although the 
robots themselves may become lighter, faster, and better controlled).
In view of the above considerations, it was decided to examine the 
feasibility of producing a measurement system which could be used by 
manufacturers and users of robots to obtain a better understanding of their 
machines and would also be a useful tool for further research concerned 
with robots [34, 35 ]• The preliminary specification of this system 
(arrived at by surveying the data provided by manufacturers) was that it 
should be able to determine the position of a point on a robot arm to 
within 0.1mm whilst it is moving in a three-metre-sided cube at speeds of 
up to 5m/s. This specification is in broad agreement with the one which 
was subsequently proposed by those involved in the Tripartite Meeting on 
Robot Testing in February 1982 [3.6] except for the omission of robot 
orientation measurement.
Although it is accepted that orientation of the robot's end effector 
is an important parameter (particularly when robots are used for 
applications such as welding which can involve the use of a long tool), it 
was decided initially to restrict consideration to just position 
measurement, but allow for extension to include orientation measurement at 
a later date. This decision was taken so as to reduce the problem to 
manageable proportions.
A variety of measurement techniques that could be applied to the robot 
position determination problem were examined including: gyroscopic
platforms, interferometry, and laser time-of-flight. It was found that the 
required range of measurement fell between those for which measurement 
methods are readily available. For length measurements requiring an 
accuracy of only several centimetres, instruments are available that may be 
used for distances ranging from a few metres to several kilometres; many of 
them having been developed for civil engineering, cartographic, or military
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applications. For much higher accuracy measurements but over shorter 
distances, techniques such as interferometry or mechanical metrology 
systems are available and used, for example, by the machine tool industry.
The technique finally chosen for evaluation in detail was optical 
triangulation. In the form of the theodolite, this method has been 
extensively used over many years for static position measurement. It was 
envisaged that a system based on the technique would have sufficient speed 
to track the movements of most robot arms with good position accuracy, and 
that is could be configured to operate with differing sizes of working 
volumes. The work described below is a feasibility study for an instrument 
which uses an optical triangulation method for the dynamic position 
measurement of industrial robots.
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CHAPTER 2
AN OVERALL DESCRIPTION OF THE MEASUREMENT SYSTEM
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2^  AH OVERALL DESCRIPTION OF THE MEASUBEMEHT SYSTEM.
For an instrument to measure the position of a point on a robot arm 
which is moving freely in space, it must provide sufficient information to 
give at least three equations which relate the point's co-ordinates. 
However, additional information which gives up to three more equations may 
be necessary if the original constraints upon the arm position are not 
independent of its orientation. Therefore, if a measurement system uses a 
triangulation method to determine the robot’s trajectory, then either the 
measurements must be taken from more than one point or the method must be 
used in conjunction with a direct distance measurement technique such as 
interferometry or laser time-of-flight. The measurement device described 
in-this thesis is based on the first of these approaches but many of the 
conclusions drawn from the work are also applicable to the second.
The scheme of the measurement device with which the current work is 
concerned is shown in figure 2.1. The instrument consists of a moving 
target which is rigidly fixed to the robot arm and two similar static 
measurement units. Each of these units will be referred to below as a sub­
system, and consists of both optical and mechanical components as well as 
the associated electronics for its control.
The method of measurement involves following the target with two 
separate beams of light (one from each sub-system), and recording the 
positions and the distances from their centres to a known point on the 
target. This gives sufficient information for the calculation of the 
point's position provided that the relative orientation and separation of 
the sub-systems are known. If the displacements of the beams from the 
target centre are not measured simultaneously with the beam positions, then
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the system is only able to determine accurately the robot position when 
these displacements are zero. In general, this only occurs when the target 
is stationary because perfect tracking of the target is impossible to 
achieve.
To effect target tracking, the distances between the centre of the 
target and the centre lines of the beams (the tracking errors) are measured 
by light-sensitive detectors. Error signals from these detectors are used 
to correct the directions of the light beams so that they are always moving 
towards the optical centre of the target. This is possible to do because 
the nature of the robot-performance problem permits the use of a 
sophisticated target; however, it implies that the speed of response of the 
measurement system must be sufficiently fast for it to be able to 
effectively track the movements of robot arms. Since the inertia of the 
measurement system's optical components may be considerably less than that 
of a robot structure, this is technically feasible.
2.1 The Principle of Operation in Two Dimensions.
A simplified arrangement of optical components to form a measurement 
sub-system and target is given in figure 2.2. For this system, the target 
is constrained to move in a plane but it may have an arbitrary rotation 
(i.e. movement with three degrees of freedom). Clearly this measurement 
device could not, in general, determine the position of a robot because the 
target would normally be fixed to the robot's tool point which may have up 
to six degrees of freedom. However; the two dimensional simplification of 
the three dimensional measurement device has many of the features which 
would be present in the complete system, and, as such, is convenient for 
discussing its properties.
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Half of the light in the stationary beam entering the optical system 
shown in figure 2.2 is reflected by the beam splitter onto the centre of a 
plane mirror attached to an optical scanner. The mirror can be rotated by 
the scanner about an axis through its centre which is perpendicular to the 
target's plane of motion and this allows the beam of light emerging from 
the fixed measurement sub-system to follow the movements of the target 
subject to the scanner's range of rotation. To accomplish this tracking of 
the target, the measurement sub-system's controller must be provided with a 
suitable error signal whose amplitude can be reduced by movements of the 
mirror. This is given by an error detector within the target. (There are 
many designs of such detectors commercially available, and their output, 
after suitable conversion by electronic circuitry, is proportional to the 
displacement of a light spot on their surface.) The equation relating the 
error signal to the position of the robot arm is
Xsin2<i> - Ycos2$
v = — *------------   (2.1)
cos(2<|> - )
where X, Y, are the co-ordinates and rotation of the target with respect 
to the measurement sub-system, <}> is the rotation of the optical scanner's 
mirror, and v is the error signal. However, two such equations (one from 
each sub-system) provide insufficient information to calculate the robot's 
position because there are three unknowns. To solve this problem, part of 
the light beam is reflected by the target back onto the optical scanner's 
mirror and thence onto a second stationary detector (again see figure 2.2). 
The error signal so created can be fed, via a controller, to an actuator 
which determines the orientation of the target with respect to the end of 
the robot arm. The equation relating the second error signal (k ) to the 
robot position is
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Xcos\|> + Ysii# ' sin(4<J> - 2\p)
< = --— —  + h — --------  (2.2)
cos(2<J> - t|> ) cos(4<l> - 2\|>)
If the relative position and orientation of the measurement sub-systems is
known and they are both tracking the target, then equations 2.1 and 2.2 can
be used to find (albeit with some difficulty) the position and orientation
of the target.
An approximate form of the equations 2.1 and 2.2 can be found by 
noting that
Y
2<j> * arctan^ 
and i|> « 2<fr
These may be substituted to give
k >  2(/[x2 + Y2] + h)(2* - *) 
and v « /(X2 + Y2)(24> - arctan^)
For a fixed target position expressions 2.5 and 2.6 give a linear
relationship between the error signals and the rotations of the target and 
the optical scanner’s mirror. Thus, as the controller's response would be 
much faster than that of large robot movements, the measurement sub-system 
shown in figure 2.2 may be readily controlled provided that the varying 
gain introduced by changes in distance between the sub-system and the 
target can either be ignored or its effect be compensated for by using 
signals from the other sub-system.
A considerable simplification of the measurement device may be
(2.5)
(2.6)
(2.3)
(2.4)
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obtained by replacing the target with a retro-reflector as shown in figure 
2.3* A two-dimensional retro-reflector consists of two perpendicular plane 
mirrors. It has the property that any incident ray which is orthogonal to 
the mirrors' line of intersection emerges, after being reflected once at 
each mirror, in a direction which is parallel but opposite to its initial 
direction. The emergent ray is also displaced by twice the perpendicular 
distance between the incident ray and the mirror's line of intersection. 
Thus the error signal of the modified system is related to the optical 
scanner’s mirror rotation. ($) and the retro-reflector's position (X,Y) by 
the equation
k - Ycos20 - Xsin2<j> (2.7)
so that
! x 1 -sin2<}) J
il«  *
cos2<|> 1
! ! =
i Y ! cos2<|> | sin2<j> t
(2.8)
Where ^  is unknown. Note that because the angle of rotation of the retro- 
reflector does not appear in either of equations 2.7 and 2.8, no error 
detector is necessary within the target. However, for the same reason, the 
two-dimensional-measurement system shown in figure 2.3 cannot determine the 
orientation of the target whereas that shown in figure 2.2 can. Moreover, 
there is only one point on the retro-reflector whose position can be 
calculated, namely the intersection of the two mirrors. If two separate 
retro-reflectors are used for the complete measurement device (one for each 
sub-system) then this point on each must be co-incident. In practice, this 
can be achieved by having a real retro-reflector and the image of one in a 
plane mirror, or two such images, co-incide within the target. Clearly,
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there are a number of ways of arranging the optical components within the 
target to achieve this, all of which enable the target point position to be 
calculated, but they are of differing complexity and weight, and some limit 
the effective aperture of the retro-reflector. However, as the targets are 
passive and are separate from the sub-systems, they may be readily 
interchanged so that the one most suitable for an application is chosen.
Thus the introduction of the retro-reflector results in a less complex 
system which is easier to control and which does not require a target 
containing either actuators or error detectors, but the reduction in 
complexity is gained at the expense of the measurement device no longer 
being able to determine the target's orientation. The use of a retro- 
reflector in a full three-dimensional-measurement system is even more 
advantageous; although, once again, only the position of the target can be 
measured.
2.2 Three Dimensional Measurement.
The system shown in figure 2.2 (the two-dimensional-measurement system 
which does not use a retro-reflector) can be extended to give three- 
dimensional position information by replacing each of the linear error 
detectors with ones which can measure light spot displacements in two 
directions, and by either giving the optical scanner's mirror two degrees 
of freedom or by inserting a further mirror plane mirror (also rotated by 
an optical scanner) between the first and the target. This second change 
enables the sub-system to follow the target even if it moves out of the 
target's original plane of motion.
Similar alterations can be made to the system which uses a retro-
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reflector shown in figure 2.3 to give full three-dimensional measurement 
capabilities, but for this system the retro-reflector must also be 
replaced. A three dimensional retro-reflector consists of three mutually 
orthogonal mirrors and has properties which are similar to those of the 
two-dimensional form already described, but the restriction that the 
incident ray must be perpendicular to the intersection of the mirrors does 
not apply.
The form of the equations governing the relationship between the 
target position and the sub-system outputs of the three-dimensional- 
measurement device is dependent upon the the choice of geometry for the 
beam steering unit (i.e. the arrangement of the optical scanners which 
determine the direction of the light beam). However, it will be shown in 
section 3*2 that, if it is suitably chosen, then the relationship is 
particularly simple provided that the retro-reflector is used. Moreover, 
because each measurement sub-system that does not use a retro-reflector 
must have its own component of the target which is rotated so that it 
reflects part of the light beam back into the beam steering unit, the 
target will contain six actuators, and this will result in a complex 
control system.
The sub-systems of a measurement instrument which does not use a 
retro-reflective target cannot be operated in isolation because, without 
information from the other sub-system, the controller is unable to prevent 
the target rotating about the direction of the light beam from the first 
sub-system to the target causing the reversal of the signs of the error 
signals and resulting in the control system becoming unstable owing to 
positive feedback. Not being able to operate the sub-systems in isolation 
is a significant disadvantage because it implies that the control algorithm
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must incorporate information concerning the relative positions of the sub­
systems. In addition, the system’s ability to commence tracking when a 
moving target reflects light back onto the detectors is seriously limited 
because both sub-systems must start and stop following the target 
simultaneously (refer to sections 4*1 and 3«2). However, the sub-systems 
of a measurement instrument with a retro-reflector incorporated into the 
target can be independently controlled despite there being an unknown gain 
in the system which is dependent upon the distance between the target and 
the sub-system (refer to chapter 4)*
Nevertheless, a target whose orientation (which is independent of the 
sub-systems) is always maintained by the controller does have the advantage 
that it can be followed by the measurement system even if it is attached to 
the end of a robot arm whose working cycle includes extreme variations of 
orientation. Such a cycle could not be tracked by a measurement device 
using a retro-reflector which is rigidly fixed to the robot because the 
reflector's properties are only independent of rotation if the beam of 
light from the sub-system enters its effective aperture; this aperture is 
much less than 4^ steradians. The problem can be avoided in those 
situations where it might arise by attaching a "crude" gyroscope to the 
retro-reflector and allowing it to freely rotate about its centre (any 
other point would require the this rotation to be recorded by the 
measurement system). The gyroscope would not need to accurately align the 
reflector because its effective aperture is sufficiently large to 
accommodate some rotation of the target as well as the changes in the light 
beam's direction which is due to target movement. Hence, some drift of the 
gyroscope is tolerable during a measurement cycle. Although this strategy 
does not rely on alterations to the sub-system, its is desirable to use 
such a complex target only when it is necessary, and a fixed retro-
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reflector otherwise.
For the above reasons, the measurement-system structure which was 
chosen for further development is a three-dimensional-measurement device 
using a retro-reflective target which is rigidly attached to the robot arm. 
This system can collect useful data on the dynamic behaviour of robot arms 
and may be extended at a future date to include a target stabilised with a 
gyroscope, or one which can measure the robot arm's orientation. Moreover, 
it was felt that experience should be gained in the use of the measurement 
device before a decision on whether to implement such extensions is made. 
The arrangement of optical components for one measurement sub-system 
developed during the first phase of the research programme is given in 
figure 2.4, and the choice of light-beam/error-detector combination shown 
in the figure is justified in chapter 3* Figures 2.5 and 2.6 are 
photographs of the prototype measurement sub-system; the first shows the 
optical and mechanical components in the foreground with the associated 
electronics behind, and the second is a labelled plan view of the 
equipment.
2.3 Measurement System Accuracy.
The accuracy of the complete measurement instrument described above is 
dependent upon influences which may be mechanical, electrical or optical. 
Of these, the five principal optical factors: the system geometry, the 
directional stability of the laser beams, the perfection of the retro- 
reflectors, and the accuracy of the optical scanners and the error 
detectors. Other sources of inaccuracy are either negligible (for example 
the flatness of the mirrors), or are only important because of their effect 
upon one or more of these factors (for example the stability of the laser
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beam's intensity distribution may or may not be significant depending upon 
the characteristics of the error detectors).
Non-ideal behaviour of the retro-reflectors and the error detectors 
degrades the performance of the complete system because both cause an error 
in measurement of the tracking errors of the sub-systems. However, as the 
error detectors are much smaller than the robot's range of movement, the 
ratio of this error's tolerable range to the maximum value of the tracking 
error is much greater than the ratio of the error in measurement of the 
robot's position to its size of working volume. This permits the tracking 
error to be measured relatively imprecisely.
In contrast, the accuracy of the optical scanners must be better than 
the measurement system's accuracy because the entire movement of the target 
across the working volume is mapped onto their outputs. In addition, the 
beam emerging from the laser head will not have a perfectly constant 
direction and, unless some provision is included within the measurement 
instrument for the determination of the pointing drift, this will reduce 
the maximum permissible error of the optical scanners because both factors 
contribute independently to the indeterminacy in the directions of the 
laser beams emerging from the sub-systems. However, a considerable 
reduction in the beam pointing drift can be achieved by expanding the laser 
beam using a collimator, but this reduces the effective aperture of the 
retro-reflector and also influences the choice of error detector.
The importance of the indeterminacy in the laser beam directions 
increases proportionally as the robot is moved further away from a sub­
system; whereas, to a first approximation, the contribution to the 
inaccuracy of the complete instrument made by the error detector is
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independent of this stand-off distance. Thus, not only does the accuracy 
of the robot measurements depend upon the working volume chosen for the 
instrument, but the relative significance of the factors causing 
measurement inaccuracies also changes. There is a further variation of 
accuracy throughout this working volume owing to the range of the stand-off 
distance within it and the variation of the angle between the beams 
incident upon the target. All these effects are caused by the system’s 
geometry but none reduce the measurement instrument’s accuracy in 
isolation: they merely exacerbate other sources of error. There are 
additional system-geometry errors which are due to the imprecise location 
of the optical components. Of these the.most important is the relative 
position and orientation of the two measurement sub-systems. This is 
because the stationary optical components of the measurement instrument are 
divided into two compact sub-systems, and the position and orientation of 
the components within one sub-system with respect to each other can be 
known to a high degree of accuracy and will seldom be altered; however, the 
distance between the sub-systems (normally between two and five metres) is 
likely to be changed between collecting sets of measurement data as the 
instrument is moved between sites to assess the performance of different 
robots or the same one from a different aspect.
The electrical influences upon the measurement instruments precision 
include: drift owing to temperature, electrical noise, and the accuracy of 
analog-to-digital conversion. Because of the complexity of the electronic 
circuitry supporting the measurement instrument (it includes transducers, 
amplifiers, data-acquisition and computer interface circuitry, and both 
analog and digital controllers), careful design has been required to 
minimise the lose of instrument accuracy involved in acquiring and storing 
information from the sub-systems. However, in practice, none of the
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electrical influences place a fundamental limit on measurement system 
accuracy*
An indication of the tolerable magnitude of the measurement 
instrument’s errors can be obtained by considering the situation where the 
device is used to measure robot positions within a two-metre-sided cube 
working volume to an accuracy better than 0.1mm. Such a working volume 
would require each sub-system to be placed about 3*5 metres away from its 
centre if optical scanners with a 20° mechanical range of rotation are used 
and this gives a maximum separation between the target and the sub-system 
of about five metres. If the maximum error in the laser beams' direction 
is equivalent to a 0.05mm displacement of the target, the the optical 
scanner’s rotation needs to be measured to about one second of a degree. 
In addition, if the error caused by inaccuracies in determining the 
tracking error is to be limited to 0.02mm, then the error detector must 
record light spot positions to an accuracy of 0.04mm. It should be noted 
that the error of 0.1mm in measuring the robot’s position is the worst case 
within the two-metre cube and that there are many points outside this cube 
where the instrument can measure to better than 0.1mm.
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3 A DETAILED DESCRIPTION OF THE MEASUREMENT SYSTEM*S COMPONENTS.
This chapter describes the various optical and mechanical components 
of the measurement system. Broadly speaking, the components may be divided 
into four groups: those concerned with generation of the light beam, those 
which steer the beam towards the target, the target itself, and those 
concerned with detection of the returned beam. However, as many of the 
components interact with others, none of the component choices were made in 
isolation and their characteristics should be seen in the context of the 
complete system.
3»1 The Retro-Reflector*
The retro-reflector consists of three mutually perpendicular plane 
mirrors intersecting at a point which may be considered to be the "centre" 
of the reflector. Any ray entering the effective aperture of the retro- 
reflector will emerge after reflection once at each mirror in a direction 
parallel to its initial one but with the opposite direction of propagation.
If the centre of the retro-reflector is at a point and the incident 
ray is described by a^ ■+ (i*e* a ray with direction of propagation b^
passing through the position aj) then the emergent ray is described by:-
r = (2^ - a1) - M^b1 = &2 - (3.1 )
where r is a point on the line. Conversely, if the incident and reflected 
ray paths are known then it may be deduced that the reflector's centre lies 
upon the line:-
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-1 = ^-1 + -2* + ^ 1
(in these equations ii^, Vy and i a r e  the parameters of the lines.) This 
result is independent of the orientation of the retro-reflector provided 
that the incident ray enters the effective aperture. A proof of this 
unusual property of a retro-reflective mirror system is given in appendix 1 
where it is used as an example of the application of the equations 
governing the reflection of light from plane surfaces.
For the purpose of determining mirror sizes and as an aid to 
visualising ray paths, a reflecting system can be unfolded; the system is 
simply straightened at each reflecting surface by reflecting the reflected 
axis and the balance of the system at the surface (i.e. each time the ray 
encounters a reflecting surface of the system its direction is unaltered 
but it subsequently propagates through a reflection of the system in that 
surface). A drawing of an unfolded mirror system is called a tunnel 
diagram; its usefulness derives from the fact that ray paths through the 
system can be accurately constructed by drawing straight lines on the 
tunnel diagram. A tunnel diagram for a retro-reflector is an octahedron as 
shown in figure 3*1* The entrance and exit faces of the mirror system 
correspond to one pair on parallel faces. From figure 3*1 it may be seen 
that there are six distinct orders in which the three reflections take 
place and that the effective aperture is dependent on the direction of the 
incident ray; it being greatest when the ray is perpendicular to the 
entrance face.
There are two types of error introduced by non-ideal behaviour of the 
retro-reflector which may reduce the overall accuracy of the measurement 
system: the centre line of the reflected beam may not be parallel to the
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incident beam, and the intensity distribution of the light beam may be 
distorted. The first of these errors is caused solely by the mirrors not 
being perfectly orthogonal. Although the retro-reflectors presently being 
used in the measurement system have an accuracy specified by the 
manufacturers as being better than one arc second (i.e. the angle between 
any incident ray and its reflection is less than 4*6x10 ^ radians), in 
practice the effective accuracy is better than this because the beam is of 
a sufficient diameter for parts of it to have different orders of 
reflection by the retro-reflector's mirrors. This reduces the displacement 
of the beam's intensity-distribution centroid on the error detectors 
surface but at the expense of distorting the beam.
Other factors which distort the intensity distribution are: the 
flatness of the mirrors, the finite size of their joints, and polarisation 
effects due to reflections which are not normal to the direction of the 
beam. The first of these factors is negligible due to the quality of the 
mirrors used, but the other two and the mirrors not being orthogonal may be 
significant depending on the characteristics of the error detector.
There are two types of retro-reflector which are commercially 
available: air-path, and solid glass. the air-path retro-reflector
consists of three accurately-mounted plane mirrors, and the path of any 
light ray reflected by it lies entirely within air; at no time does it 
travel through glass. In contrast, the solid glass retro-reflector is a 
prism with three silvered orthogonal plane faces and a plane entrance/exit 
face. Both types of retro-reflector have the property that the emergent 
beam is parallel to the incident beam, but equations 3*1 and 3*2 are only 
valid for air-path retro-reflectors because of refraction at the 
entrance/exit face of the solid glass retro-reflector. Figure 3*2 shows
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the effect that refraction has on a ray of light reflected by a two- 
dimensional solid-glass retro-reflector (also known as a Porro prism), and 
by two perpendicular plane mirrors* For either a two- or three-dimensional 
solid-glass retro-reflector the error introduced by refraction is
cosx
e = sinxfl  -- ^----------------------------------------------------(3*3)
/(n - 1 + cos x)
where e is the apparent displacement of the retro-reflector's centre due to 
refraction, x is the light beam's angle of incidence, n is the refractive 
index ratio of glass and air, and d is the perpendicular distance between 
the intersection of the reflecting faces and the entrance/exit face of the 
prism. The significance of this error can be appreciated by choosing 
typical for the variables in equation 3.3 of d * 20mm, x = 10°, and 
n = 1.5* These give an error of 1.2mm which is clearly not acceptable; so 
only air path retro-reflectors are suitable for the measurement system.
3*2 The Beam Steering Unit.
When they are tracking the movements of the target, each of the 
measurement sub-systems provide sufficient information to calculate the 
equations of a line upon which the centre of the retro-reflector lies. To 
perform such calculations it is necessary to know the effect of both the 
beam steering unit and the retro-reflector upon the path of a light ray. 
Although there are multiple reflections in both of these measurement-system 
elements, in each case the deflection of the light beam is caused only by 
plane reflections because there are no curved reflecting surfaces and no 
boundaries at which there is a change of refractive index. This simplifies 
the derivation of the formulae which are used to find the position of the
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target from the outputs of the measurement system. However, further 
simplification may be obtained by the suitable choice of geometry for the 
beam steering unit.
Several geometries were considered for the beam steering unit and two 
of them constructed before finally choosing the design which is currently 
being used and which is shown in figure 2.4. There were three factors 
influencing this choice:-
(1 ) The inertia of the mirrors should be minimised so as to maximise the
optical scanners speed of response. This not only requires that the 
mirrors are small but also that their axes are close together so that 
the mirror at which the second reflection of the light beam occurs is 
only slightly larger than the first. If there is a significant 
difference in the mirror sizes, then there will be a great disparity 
between the maximum speeds of tracking the target when it is moving 
horizontally and when it is moving vertically.
(2) The calculation of the beam steering unit's effect upon the position 
of the light beam should be as simple as possible. Although it is 
intended that initially the calculation of the targets position will 
not occur simultaneously with the recording of measurement data, it 
seems worth-while to include provision for "on-line" calculation so 
that in future the system could be extended to permit it to be used 
for direct control of a robot.
(3) It is desirable that small movements of the optical scanners produce 
displacements of the light spot on the error detector's surface which 
are approximately independent. This is so that controllers of the two
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optical scanners may be decoupled to simplify the design of the 
measurement device's overall control system.
The equations of the line upon which the light beam's centre will lie 
after being deflected by the beam steering unit has been derived using the 
notation given in figure This figure shows a ray of light being
reflected by two plane mirrors which may be rotated about orthogonal axes. 
The first of these axes is perpendicular to the direction of the incident 
beam, the second is parallel to that direction, and their common 
perpendicular is of length g (equal to three centimeters). The size of the 
mirrors is determined by their range of rotation and the diameter and 
displacement of the light beam, but this has no effect on the equations of 
the beam steering unit except to change the value of the constant g.
The most convenient coordinate system to adopt when describing the 
geometry of the beam steering unit is given by the vectors i, j, and k. 
The first of these vectors lies in the direction of the common 
perpendicular to the mirror axes, the second is coincident with the axis of 
the second mirror, and the third is orthogonal to the other two such that 
it points away from the measurement sub-system towards the robot under 
test. Using this co-ordinate system, the normals to the two mirrors are 
given by:-
n^  = [ -c o s(tt/4 - 9X) » -sin( ir/4 - 9^ ) , 0 ]
and n_ = [ sin(ir/4 + 0 ) , 0 , cos(tt/4 + 0 ) 1 —<L z z
where 9 and 8 are the rotations of the first and second mirrors x z
respectively. Points lying upon the surfaces of the two mirrors are given 
by:-
(3.4)
(3.5)
47
®2 “ [ 6 • 0 , .0 ] (3.6)
and « ^ = [ 0 , 0 , 0 ]  (3-7)
If the light generating components are positioned such that the 
initial beam is incident upon the centre of the first mirror (the point 
= [ 8 t 0 , 0 ]) and has direction = [ 0 , 1 , 0 ] then it is
reflected by the two mirrors in a direction
b_ = [ cos20 sin28 , sin20 , cos20 cos20 1 (3*8)
-3 x z x x z J
and the point at which the centre of the beam strikes the second mirror is 
sin20
a ■- [ 0 , ---- - , 0 ]g (3.9)
cos20 x
(These equations were derived using the expressions given in appendix 1 
which govern the reflection of light from plane surfaces.) Thus the centre 
line of the beam emerging from the measurement sub-system is described by 
the line
r = a2 + (3.10)
where is an arbitrary parameter.
Once the beam is reflected by the retro-reflector, its direction is 
reversed and it is displaced by twice the tracking error. The resultant 
beam passes back through the beam steering unit to emerge in a direction 
-b2 and impinge upon the photo-diode detector at a point
= [ g + n , h , l ] (3.11 )
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In this equation, h is the optical path length between the beam steering
unit and the detector, and ( n , £ ) are the co-ordinates of the beam's
displacement on the detector due to the tracking error. (Note, in practice
it is the image of the detector in the reflecting surface of the beam
splitter which occurs at position a_ because if the detector itself were
-b
positioned at that point then it would conceal the light generating
components from the beam steering unit.) If the centre of the beam is
incident upon a_ then the beam reflected by the target must strike the 
-b
second mirror at the point
sin29 .
a6 = I 0 , -- — - , 0 ]g + [ 0 , --------- , 0 ]n
” cos2Q cos20x x
(1 - sin20 ) sin20 (1 - sin20 ) 
z x
t — — — — — —
cos20 cos20 cos20
+ [ _  ----------------  2.------------- , 1 ]? (3.12)
so that its centre line is described by the equation
r = a 6 - u 6b3 (3.13)
Hence, by substituting equations 3*1 3 and 0 into equation 3*2 given in 
section 3»1 it is found that the centre of the retro-reflector lies on the 
line
- = ^ - 6  + -4^ + u7-3 (3*14)
This may be expanded using equations 3-9, 3»12, and 3*8 to give
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sin2e
[ x , Y , z ] = [ o , - - - - - -  , o ] g + [ o , - — 1 —  , o ] i n
cos29 cos29
(1 - sin29 ) sin29 (1 - sin29 )
. r 25 x z , -i 1
L ” » — — — — — — —  , 1
cos29 cos29 cos29
z x z
+ [ cos29 sin29 , sin29 , cos29 cos29 ]n_ 
L x z x x z J 7 (3.15)
where X, Y, and S are the co-ordinates of the targets centre with respect 
to the base vectors 1, j, and k, and is an unknown.
Equation 3*15 can be simplified by adding a suitable multiple of b„ to
-3
1the vector r?(a^ + a.) and adjusting the value of n_ accordingly. If this 
2 - 6 - 4  7
is done and the notation C , C , S', and S is used for cos29 , cos29 ,
x z x z x z
sin29x, and sin29z respectively, then it gives
X N
CO1 s s
x z
1
2 n +
i o
N
h  +
Y = 0 ig + 1 1
-C
X
0
2
-Cs 1
S C 
X z Sz
C S 
x z
C C 
X z
(3.16)
(Hote that the point [ X , Y , Z ] given by equation 3.1 6 does not lie upon
the surface of the mirror when = 0, whereas the point given by equation
o
3*15 with u ■. = 0 always does.) As it stands, equation 3»1 5 may be used
when finding the position of the retro-reflector from outputs of the
measurement system: 9 and 9 are given by the outputs of the optical
X z
scanners, and n and £ may be calculated from the outputs of the quadrant
detector. However, there are instances when it is desirable to calculate
either the tracking error, or the rotations of the mirrors given values for
the other unknowns in the equation. To do this, may be eliminated
o
firstly to give
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zs - xc = \i
Z Z <L
and (g + XS„ + ZC )S - YC = ln
Z Z X X d
(3.17)
(3.18)
and then
6 = arcsin*
z ✓(x2 + z2)
X
—  ----  + arc si n-
C/2 
✓(X + 2")
(3.19)
Y
0 = arcsin*x ✓ {(g + XS + ZC )2 + Y2 ) 
z z
n/2
+ arcsin-
✓{(g + XS + ZC )2 + Y2! 
z z
(3.20)
In the particular case when 5 and n are both equal to zero, these last two 
expressions reduce to
Equations 3*17 and 3*18 are used in section 4*4 when deriving the 
relationship between the tracking error and small rotations of the mirrors 
which is required for the design of the measurement device's control 
system. Equations 3*21 and 3*22 are used when moving the light beam onto a 
target which is at a known position in space with respect to the sub­
system.
3*3 The Optical Scanners.
To deflect the mirrors so that the light beam follows the movements of 
the target, two General Scanning Inc. G-300PD optical scanners are used.
0z
(3.21)
Y
0 = arc tan-x g + /(X2 + z2)
(3.22)
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These are the only commercially available optical scanners which were both 
sufficiently fast and sufficiently accurate for the requirements of the 
measurement system. However, the manufacturer's controller for these 
scanners has not been used because it is designed for open-loop control.
The G-300PD optical scanner is a moving iron galvanometer. It has a 
single-piece rotating armature which is directly coupled to the driven 
mirror and to a capacitive position transducer. The current which flows 
through the drive coils within the stator produces a torque proportional to 
its magnitude (provided magnetic saturation does not occur) and this is 
opposed by a torque produced by a torsion bar which is proportional to the 
angular rotation of the mirror. By adjusting the drive current to balance 
these torques, the armature (and therefore the mirror) can be positioned 
anywhere within its range rotation. The output of the position transducer 
is both fed back into the controller to control the drive current and used 
for measurement purposes. The manufacturer's specification of their 
optical scanners is given in table 3*1 •
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Table 3»1« The Optical Scanner Characteristics.
Torque Driver (coils wired in series):
Torque sensitivity 
Maximum torque 
Armature Inertia 
Stiffness 
Coil resistance 
Coil inductance 
Excursion range
-7
8 x 10 A/radian
-510 ' s
+0.15$ of peak-to-peak or better
1 arc second 
0.2 arc minute/°C 
0.03$/°C
From the specifications, it may be seen that the position transducer's
9linearity is better than one part in 2 and its repeatability is better
16
than one part in 2 . If the non-linearity is compensated for numerically
when calculating the position of the retro-reflector, then the error in the 
position transducer's output is sufficiently low to be within the 
limitations given by the desired overall measurement system performance. 
Such a compensation is possible because the non-linearity is stable and 
varies only slowly over the complete range of mirror movement.
Without the drive coils of the optical scanner connected, it acts as a
Position Transducer:-
Position sensitivity 
Signal rise time 
Linearity 
Repeatability 
Stability: Zero drift
Gain drift
0.14 Nm/A 
0.3 Nm 
3*7 x 10 ^ kgm 
0.1 Nm/radian 
8 + 1 fl 
0.02 Henry 
0° to 25° peak-to-peak
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lightly damped second order system owing to the moment of inertia of the 
armature and the restoring torque of the torsion bar. Although the 
armature's moment of inertia and the torsion bar's stiffness are specified 
by the manufacturers, the damping ratio of this system, 5, is not. It was 
determined by displaying the output of the optical scanner's position 
transducer on a storage oscilloscope and plucking the mirror attached to 
its shaft. This is effectively a step input. From the trace produced, the 
damping ratio was deduced from the ration of the maximum amount by which 
the first peak exceeded the final value to the final value itself (see 
reference 37):
Magnitude of overshoot 1.575 volts
 ----------------------= ----------—  = exp
Magnitude of step input 1.9 volts
- sir
/(1 - ?2)
(3.23)
which gives s = 0.06. The natural frequency, m , can also be readily 
deduced from the trace: the frequency of the damped oscillation was 86.7Hz, 
so the natural frequency is
86.7(ir/1 80.0)
---------x--- = 550 radians/s (3.24)
/(1 - C )
This agrees well with the value specified by the manufacturer.
As the torque acting on the armature by the drive coils is 
proportional to the current flowing through them, the relation between the 
angular position of the shaft, 9, and the current, i, is
k i = 8 t ^  + .1. (3-25)
m u dt 2 ,. 2n u dtn
where k^ is the gain composed of the moment of inertia of the armature, and 
the torque sensitivity of the drive coils.
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The voltage applied to the drive coils must not only overcome the 
resistance and inductance of the drive coils hut also the hack e.m.f. 
produced by movements of the magnetic armature within the drive coils of 
the stator. Thus, if E is the applied voltage, R and L are the resistance 
and inductance of the drive coil respectively, and h is the hack e.m.f. 
constant then
E = i R + l | i + 4 e (3.26)
By combining equations 3»25 and 3«26 to eliminate the current flowing 
through the drive coils it may be seen that, when the input is considered 
to be the voltage applied to the drive coils, the optical scanner
constitutes a linear third order system:
k s = He + (L + n-i * k b ) ~  + (l£s + --5)--| + (3.27)
“ dt un u 2 dt2 un n
There are two possible schemes for the electronics which drive the 
optical scanner: either a proportional amplifier can be used to apply a 
voltage to the coils, or a trans-conductance amplifier can be used to apply 
sufficient voltage to give a drive current which is proportional to the 
input voltage of the amplifier. In each case, the drive amplifier must 
have sufficient output-current capacity to permit rapid movement of the 
optical scanner's mirror. Although a trans-conductance amplifier is 
attractive because, when used, the force on the armature is proportional to 
the input voltage of the amplifier, it requires a resistor to be placed in 
series with the optical scanner's drive coils thereby reducing the maximum 
voltage which can be applied. It also has the further disadvantages of 
saturation characteristics which are difficult to model when designing the 
controller, and may become unstable when attempting to drive large currents
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through inductive loads (the situation encountered when driving the 
scanner). For these reasons, the use of a trans-conductance amplifier was 
abandoned and the proportional amplifier shown in figure 3»4 adopted 
instead. The source of this circuit is reference 38 but many of the 
modifications suggested by reference 39 have been implemented. The high 
frequency response of the amplifier has been deliberately restricted to 
avoid stability problems and to reduce the effect of electrical noise 
within the system; however within the bandwidth of the optical scanner and 
its controller (i.e. for frequencies below 2kHz), the gain of the amplifier 
is approximately one. (The gain is k^ = E/V^ where is the input to the 
amplifier.)
The position transducer within the optical scanner consists of four 
electrodes surrounding the rotor which is electrically grounded. Each pair 
of diametrically opposed electrodes form a capacitor to which a high 
frequency voltage signal is imparted. The resulting currents are rectified 
and amplified to give a voltage which is proportional to the angular 
rotation of the optical scanners mirror. The trans-resistance amplifier is 
external to the scanner; its circuitry is shown in figure 3*5* This 
circuit is recommended by General Scanning Inc. and used in their A-600 
control amplifier, but LM11CH operational amplifiers have been used to 
replace LM308N operational amplifiers.
The high frequency voltage signal (2.27MHz) generated within the 
optical scanner for use by the position transducer is the major source of 
electrical noise within the electronic circuitry of the measurement system. 
The current physical layout of the electronics and its poor grounding have 
allowed the signal to propagate throughout the system, seriously degrading 
the accuracy of data acquisition. Although the effects of the signal have
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been minimised sufficiently to demonstrate the system's feasibility, 
further measures will be necessary to eradicate its effect before a final 
version of the measurement system can be produced. It is not practical to 
make these changes to the current system electronics because they would 
effect all of the circuit boards, but they are being incorporated into the 
complete re-building of the electronics which is accompanying the 
construction of the second prototype measurement system.
An experimental frequency response for the optical scanner with a 
theoretical transfer function fitted to the data is given in section 4.5* 
However, the simple open-loop step-response test shown in figure 3*6 
corroborates the theoretical model of the optical scanner given by 
equations 3«25 and 3*26. The figure shows the output of the position 
transducer (as displayed on an oscilloscope) produced by a 5Hz, 2.8volt 
peak-to-peak, square wave input to the drive amplifier. This gives a range 
of mirror rotation of about 7°. The main features of the trace are an 
approximately exponential rise upon which is superimposed an oscillation 
that decays quite rapidly. The exponential rise is caused by a real pole 
in the transfer function which results from the resistance and inductance 
of the drive coil, and the higher frequency signal is caused by a pair of 
complex poles owing to the spring-mass system of the armature and torsion 
bar. However oscillation of the armature decays much more quickly than 
would be expected for a 0.06 damping ratio because there is further damping 
introduced by the back e.m.f. constant.
3*4 The Light Beam.
The light beam used by the measurement system is generated by a 
helium-neon laser. The major applications of such lasers include:
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holography, data recording and playback, and measurement devices such as 
interferometers and gyroscopes- In addition, they are widely used in 
alignment and positioning applications in both the construction and machine 
tool industries. For these applications and when used in the measurement 
instrument there is no direct use of the laser's special or temporal 
coherence and it is only used to describe a straight line in space. A 
conventional light source used in conjunction with an image-forming optical 
system would have been inappropriate for the measurement instrument because 
the length of the light path through the instrument varies as the robot 
moves the target through-out its working volume. Although this problem 
could have been over come, it is improbable that the increased complexity 
and cost would have been justified by improved system performance.
Two types of laser were considered for use by the measurement system: 
helium-neon lasers and semiconductor diode lasers. Lasers of the former 
type are the most common and most economical of those which can give 
visible-light output. More are produced each year than any other type 
except laser diodes which are replacing them in many applications. 
However, as there are no cheap, long-life semiconductor lasers with visible 
output currently on the market, they are unsuitable for the measurement 
system. A visible output is important because, when using the measurement 
instrument, situations arise where it is necessary to manually position the 
optical scanner mirrors so that a beam is incident upon the target. In 
addition, a visible beam is beneficial for reasons of safety because the 
measurement system can rapidly alter the directions of the laser beams and 
independently sweep then through large angles. It is easier for the 
operator to visualise the area of possible danger and notice specular 
reflections if the beam can be observed directly. Consider, for example, 
the difficulties in erecting a safety screen if the limits of beam movement
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cannot be seen. However, this problem will be of less significance when 
the power of the laser is reduced as described below.
The characteristics of the laser and the collimator used to expand it 
are given in table 3*2. The laser is manufactured by Melles Griot (model 
number 05-LHP-141) and the collimator is manufactured by Tropel (model 
number 81-10X). Their output is a good quality polarised TEM^q mode beam 
with a classical Gausian distribution. (TEM is an acronym for "transverse 
electric and magnetic" and the two subscripts denote the number of 
irradiance distribution nulls in a pair of perpendicular directions 
orthogonal to the direction of beam propagation.) The Laser requires 
approximately thirty minutes to warm-up to ensure stable operation. After 
that time its output settles to 5*8niW with about one per cent variation.
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Table 5»2. The Manufactures1 Specification of the Laser and Collimator.
The laser:-
Minimum CW output at 632.8nm (TEM^q ) 
Maximum power Output 
BRH class
2
Beam diameter (1/e )
Beam divergence 
Polarisation 
Amplitude noise
Laser beam amplitude ripple caused 
by power supply current ripple 
Long term drift 
Static alignment
Angular drift
5mW 
10mW 
Illb 
0.8mm 
1.Omrad 
1000:1
<1$ for 30Hz to 10MHz rms
0.2$ rms 
+5$
Central to outer cylinder within 0.01" 
Parallel within 1.Omrad 
Less than 0.2mrad from cold (25°C) start 
Less than 0.03mrad after 15 minutes warm-up
The collimator:-
Expansion ratio 
Entrance aperture 
Exit aperture 
Input beam diameter 
Focus range 
Wave front distortion 
Transmission
10X 
1. 5mm 
12mm
1.Omm maximum 
2m to infinity
<- wavelength on axis
95%
The propagation of a Gaussian spherical wave such as that produced by 
the helium-neon laser may be described by diffraction theory (see
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references 40 and 41 )• The relevant results of which are
2 2[a’2 + S'2]
B(a\ B’) « — g BQ exp( ---) (3.28)
irw w
w (t ') = Wq [1 + (-“ )2]1/2 (3.29)
™ 0
where a',8* are co-ordinates orthogonal to the beam’s direction of
propagation, B(a',B*) is the beam's irradiance distribution, and Bq is the
2total power of the beam, w^ is the radius of the 1/e irradiance contour
at the plane where the wave front is flat (the beam waist), w(y') is the 
2
radius of the 1/e contour after the beam has propagated a distance y* from 
the beam waist, and X is the wavelength of the beam (633.2nm). These 
equations imply that the shape of a Gaussian irradiance distribution 
remains constant as the beam propagates but its size alters. This 
alteration is usually specified by quoting the divergence which is defined 
by
X/(ttw0 ) (3.30)
As can be deduced from expression 3*30, the divergence of the beam is 
inversely proportional to its minimum diameter so expansion of the beam by 
the collimator reduces the variation of spot size on the detector due to 
movements of the target within the robot's working volume. However, these 
variations are not negligible and must be taken into account when 
calculating the position of the light spot on the detector using the 
detector amplifier outputs.
Note that to apply equation 3-29 when calculating the position of the 
target, the distance between the target and the measurement sub-system must 
be known. However, the difference in light spot size for light paths which
6 1
differ by, at most, only a few millimetres can be neglected so the target 
position can first be calculated assuming that the tracking errors are zero 
and then the distance between the target and the sub-system so obtained can 
be used with the error detector outputs to give a corrected target 
position. Conceivably, this process could be repeated iteratively but it 
is unlikely that any improvement in target position would be obtained.
The collimator presently used by the measurement system cannot give 
the optimum focusing of the beam because it has an expansion ratio which is 
too large. Although it can be used to give a 4mm spot on the error 
detector at the middle of the measurement instrument's working volume, 
there is an unnecessarily large variation in spot size as the target moves 
through-out the volume. This does not effect the control of the instrument 
which is insensitive to the changes but the beam size will have to be 
optimised if the ultimate accuracy of the instrument is to be realised.
Although a five milliwatt beam power is useful for research purposes 
because the system can be operated without special precautions to ensure 
adequate detector response, the power of the laser currently used is much 
greater than is necessary: the system can be run in a room lit by
fluorescent lights without any noticeable degradation of performance 
provided that the error detectors are not are not directly exposed. This 
test is a simple means of assessing the measurement system's sensitivity to 
extraneous sources of light because the component of the quadrant detector 
amplifier's output which is due to the room light is.easily identifiable by 
its 100Hz frequency (twice the frequency of the mains supply). To permit a 
reduction of the laser's power, the error detector was isolated behind an 
interference filter. Such filters are designed to have very small band- 
widths and pass only light of a small range of wavelengths centred on the
wavelength of interest (in this case 632.8nm). Light of all other 
wavelengths is reflected. They are often used to allow laser range-finders 
and communications equipment to be operated over large distances in direct 
sunlight. An interference filter is particular suitable for the 
measurement instrument because the laser beam is collimated and strikes the 
detector, and therefore the filter, at normal incidence (the angle at which 
it operates best). With the interference filter in front of the detector 
it gives no measurable response to the ambient light of the laboratory and 
this implies that a substantial reduction of the laser’s power is possible. 
It is anticipated that the final version of the measurement instrument will 
use a 0.5mW laser; thereby allowing its use within normal workshop 
situations with minimal safety provisions.
An inherent problem of the measurement system's optical component 
arrangement is reflection of part of the beam back into the laser cavity. 
This is caused by both reflections off the interference filter and off the 
faces of the beam-splitter cube and by the part of the beam returned by the 
retro-reflector which is not diverted towards the detector. Such reflected 
beams can cause severe difficulties for interferometers because the total 
instrument can operate as a system of coupled resonance cavities giving a 
variation in both wavelength and power output. However the measurement 
system is considerably less sensitive to the problems than an 
interferometer as no use is made of the beam's coherence. Nevertheless, 
attempts were made to reduce the intensity of the returned beam by the use 
of anti-reflection coating and be experimenting with quarter-wave plates. 
No detectable improvement in beam stability was gained from the use of the 
plate despite careful alignment of the plate's axis at forty five degrees 
to the laser beam's plane of polarisation. This was to be expected because 
less than one per cent of the light within the laser cavity escapes to form
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the laser beam used by the measurement system and that beam is considerably 
attenuated by the other optical components within the system (principally 
the beam-splitter).
3*5 The Error Detector.
The detector which is used to sense displacements of the light beam 
reflected from the target must generate signals to satisfy three 
requirements: closing the feedback loop of the measurement instrument's 
sub-system to permit the target to be followed, detecting whether the beam 
is incident upon the target so that tracking may be enabled, and providing 
sufficient information for the calculation of the tracking error.
The error signals used to close the feedback loop may be of a lower 
accuracy than those used in the calculation of target position because 
their only function is to enable the sub-system's controller to correct the 
optical scanner positions so that they point directly at the optical centre 
of the target. However, as the displacement of the light spot on the 
detector's surface (from which the error signal outputs of the detector are 
derived) corresponds to only a small fraction of the optical scanner’s 
range of movement, too great an inaccuracy in the signals could lead to the 
controller moving the beam to a position where it ceases to strike the 
detector and tracking is lost. The measurement instrument's ability to 
follow the movements of a rapidly moving robot would also be restricted if 
the error signals were not generated sufficiently quickly. One means of 
compensating for a low speed of response of the detector would be to 
increase the size of the mirrors attached to the optical scanners and of 
the detector and thereby allow greater tracking errors, but this has the 
disadvantage of requiring a larger target to be carried by the robot and of
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reducing the optical scanners' speed of response by increasing their 
inertia.
Two other influences upon the generation of error signals by the 
detector relate to the simplicity of controller design. Ideally, the two 
error signals would be linearly dependent on light spot displacement and 
completely de-coupled, but in practice departures from both are tolerable 
provided that they do not lead to instability problems within the 
controller. (Note that it is inevitable that the controller must compensate 
for some non-linearities if only those caused by the system's geometry.)
The signals used for the off-line calculation of the tracking error 
have more stringent accuracy requirements than those used for controls 
purposes because they contribute to the inaccuracy of the complete 
measurement instrument. However, a lower speed of response is permissible 
because the rate of data acquisition is slower than the controller's speed 
of response (refer to chapters 5 and 4); indeed, a band-width which is too 
wide can lead to aliasing of the signals. It may be desirable for the 
« sampling rate to be increased so that it is faster than the controller's 
speed of response and the band-width of the detector correspondingly 
enlarged, because there may be high frequency components of the robot's 
movements and these are likely to be small in amplitude owing to the 
inertia of the arm. Although under these conditions the optical scanners 
would not respond to the high frequency movements, they could be calculated 
from the outputs of the measurement instrument by using data from the error 
detectors. The rate of data acquisition is influenced by the error 
detector used because as the amount of information derived from the error 
detector increases, there is a decrease in the speed with which it can be 
transferred into the computer by the data acquisition system.
6 5
Several schemes for the generation of the tracking-error signals were 
considered including the use of array-type detectors and optical-component 
arrangements where the error signals are de-coupled using cylindrical 
lenses, but a photo-diode quadrant detector was chosen. Such a detector 
has an active surface consisting of four photo-diodes which are arranged as 
four equal sectors of a circle (see figure 3«7). Each quadrant of the 
detector gives an output which is proportional to the total light falling 
upon it. If a light spot which has a known intensity distribution and is 
of sufficient size to give an output from each quadrant is incident on the 
detector, then its position maybe deduced from the ratio of the outputs 
produced. However, as the outputs of a quadrant detector are not linearly 
dependent on light spot position and the ratio of the outputs is dependent 
on beam shape, they are normally used as null-point devices in static 
applications such as alignment. In these situations, a rotationally 
symmetrical light spot is used and the detector moved with respect to the 
beam until the four quadrant outputs are equal. For the measurement 
instrument, the use of a photo-diode quadrant detector has the advantage of 
requiring only one low-cost component that has few output signals and a 
good dynamic range.
The small number of signals reduces the data-acquisition time or the 
signal processing necessary before storage of the detector's information by 
the computer but requires variations in the shape of the light spot to be 
minimised. The shape of the beam's intensity distribution as it emerges 
from the collimator has an almost stable profile, but its amplitude varies 
as the power output of the laser changes. These intensity changes do not 
effect the accuracy of the tracking error calculation because they are only 
a few percent of the total signal and there is sufficient information 
produced by the quadrant detector for the calculation to be independent of
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the total beam power. Nevertheless, there is insufficient information to 
compensate for changes in the beam shape; the principle source of which is 
the retro-reflector within the target. As the beam always strikes the 
detector orthogonally, it would be possible to spatially filter the beam 
returning from the target before it impinges upon the detector to remove 
the higher spacial frequencies and thereby reduce the effect of beam 
intensity distribution distortions. However, the accuracy of the retro- 
reflector currently used should be sufficient to avoid such complexity.
Photo-diodes may be operated with either a reverse bias (photo- 
conductive mode) or without any bias (photo-voltaic mode). In the first 
case, the photo-diode acts as a voltage source and in the second it acts as 
a current source. The use of a reverse bias increases the sensitivity of 
the detector at longer wavelengths, and extends the frequency response by 
lowering the junction capacitance, but it also gives an increase in 
electrical noise. The choice between operating modes is largely dependent 
upon the frequency response requirements of the application: to obtain 
band-widths above 100kHz, a reverse bias is necessary, and below 1kHz a 
photo-voltaic silicon photo-diode is far superior in signal-to-noise 
performance. The band-width required by the measurement system (more than 
twice the maximum sampling rate of the data acquisition system and greater 
than the controller’s band-width) is less than 10kHz, so the quadrant 
detector is being operated in photo-voltaic mode despite a high junction 
capacitance owing to the large area of the detector elements. However, the 
use of a detector whose response is much faster than that of the other 
measurement instrument components would permit the light beam to be 
modulated. This could be used to reduce the noise sensitivity of the 
complete system or to incorporate a laser time-of-flight system into the 
measurement instrument, but it is unlikely that the cost and complexity of
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such modifications would be justified by improved system performance.
The particular quadrant detector which forms part of the measurement 
instrument is manufactured by United Detector Technology Inc. and 
designated "PIN-Spot/9D". Its dimensions and electrical characteristics 
are given in table 3»3 and figure 3*7.
Table 3 »5» The Quadrant Detector Characteristics.
Diameter of active area 
Separation of quadrants 
Spectral range at 5% of peak responsivity 
Responsivity at peak
Uniformity of response (1mm diameter spot)
Source resistance per element 
Forward resistance 
Capacitance per element (OV bias)
Frequency response at 632.8nm (50a load and
The equivalent electrical circuit for one element of the quadrant 
detector and the trans-resistance amplifier used to convert the current 
generated by the photo-diode into a voltage signal are shown in figure 3»8. 
The small feedback capacitor is present to avoid "gain peaking" which is 
due to the total capacitance presented at the amplifier input (the major 
source of which is the capacitance of the lead connecting the detector to 
the amplifier). Within the band width of the detector/amplifier 
combination, the output voltage of the circuit shown in figure 3*8 is 
proportional to the current generated by light falling on the photo-diode.
10.0mra 
0.1 ram 
350 to 1100nm 
0.5Amps/Watt
+2%
4Ma
100fl
200pF
10V bias) 10MHz
The outputs of each quadrant of the detector will depend upon the 
intensity distribution of the light falling upon its surface. This 
distribution will retain an approximately constant shape but will be 
displaced with respect to the detector as the tracking errors of the 
measurement sub-system change. If the contribution to the detector output 
from a small element of its surface of area dadB at a position (ct,e) is dq 
(refer to figure 3*9 for the definition of the co-ordinates used in this 
discussion) then
dq(a,e) = l(a,8,B)dadB (3-31')
where I is the response of the detector at position (a,8) due to a light 
intensity of B at that point. It should be noted that this equation is 
only valid because the output from each point of a photo-diode's active 
area is independent of any other, and, in the situation considered, the 
combined band-width of of the detector and its associated electronics is 
much greater than the band-width of changes in the light intensity 
distribution.
Rather than consider the light intensity distribution as a function of 
the co-ordinates a and 8, it is advantageous to describe it by co-ordinates 
a' and 8' which are fixed with respect to its shape. This gives an 
intensity distribution of the form B(a',B') e B(a - - ?) where is
the position of the light intensity distribution's co-ordinate system 
origin with respect to the detector's co-ordinate system; or, more simply, 
n and % are the displacements of the light spot from the centre of the 
detector. Thus the output of one quadrant of the detector as a function of 
the tracking error is
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dadB l(o,S,B(o - H.B - ?)) (i-1,2,3,4) (3-32)
Active area of 
detector quadrant
However, photo-diodes generally show excellent linearity of response 
as the light intensity varies over several orders of magnitude. As such a 
variation is much greater than the range which is important when using the 
quadrant detector to determine the tracking errors of the measurement 
instrument, the response function, I, can be decomposed into the product of 
two functions: one is the beam intensity distribution, and the other is the 
detector response function. Equation 3*32 then becomes
+ 00
q±(n fO = dadB Di(a,S)B(a - n, B - l )  (i=1,2,3,4) (3.33)
where the detector response function D^(a, B) is zero for all points (a, b) 
not on the active area of quadrant i and equal to the gain of the detector 
otherwise. The function will have units of say Volts/Watt because it 
describes the conversion of the light falling on the detector's surface 
into a voltage which is the output of the electronic circuitry supporting 
the quadrant detector.
Equation 3*33 is the cross correlation of the detector response 
function with the beam intensity distribution. Although the output of each 
detector quadrant can be calculated by direct numerical integration of 
equation 3-33, they may be found with less computation by using Fourier 
transforms. If the two-dimensional Fourier transform of q.f D. and B are
l
A A
q^ , and B respectively, and a, p are the spacial frequency variables of
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the transform then
A A A
qi(a»p) = Di(a,p)B(-a,-p) (3*34)
This enables the detector output to be readily determined using the fast 
Fourier transform algorithm (see references 42 and 41 )• The functions B, 
and are shown in figures 3*1 0, 3*11, and 3*12, and their Fourier 
transforms given in figures 3*13, 3*14, and 3*15 respectively. Ideal forms 
of both the beam function and the detector function were used when drawing 
these figures: the 4mm diameter beam has a perfect Gausian profile, and the 
detector function is constant over the detector quadrant's active area and 
zero otherwise.
There are two simple schemes for generating error signals for the 
controller from the quadrant detector. Neither scheme gives signals which 
are proportional to orthogonal displacements of the light spot on the 
detector, but both give good approximations to de-coupled linear functions 
close to the centre of the detector. If the detector quadrants are 
numbered such that quadrants 1 and 4, and quadrants 2 and 3 are opposite 
each other, then the error signals may be created by either
e^(n,5) = q1 (n,S) - q^U,?) (3*35)
and e^(n,c) = q2(n,s) - q^Cn,?) (3.36)
or
e^(n,0 = q.| (Hi 5) + q2(q,5) - q^(n,^) - q^(n,5) (3.37)
and e^(n,5) = q^n,^) - q2(n,0 “ q^Cn*-?) + q^(nfC) (3-38)
One signal of each of these pairs is shown in figures 3.16 and 3«17 for a 
4mm diameter Gausian light spot; the other signal of each pair is identical
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to the first hut rotated by 90°.
The electronic circuitry within the measurement system can be 
configured so that it provides either pair of error functions. In the 
current configuration, shown in figure 3«18, the circuit is set up to 
generate the function 3*37 and 3-38 but the removal of one inverting-input 
resistor and one non-inverting-input resistor from both operational 
amplifiers will modify the circuit so that it generates the functions 3*35 
and 3*36. (Note that, in addition, the quadrant detector must be rotated by 
45° to give error signals of the correct sense, and the feed-back resistors 
may need alteration so as to maintain the total gain of the system and its 
controller). As can be seen in figures 3*16 and 3*17, there is little 
difference between the two schemes for error signal generation; however, 
functions 3*37 and 3»38 have been used because they give a small 
improvement in linearity within the central area of the detector.
The final signal to be generated by the quadrant detector (z )-is used 
to sense whether the beam is incident upon its active surface. It is 
merely the sum of the buffered quadrant outputs and is generated by the 
circuitry given in figure 3-19- The signal as a function of beam position 
is shown in figure 3«20; it is a radially-symmetrical positive function 
whose centre co-incides with that of the detector. By sensing the level of 
this signal, the system can determine how close the beam is to the centre 
of the detector. This information is used when starting or stopping target 
tracking (refer to section 4.2).
Throughout the preceding discussion and when drawing figures 3*10, 
3.12, 3-13» 3-14, 3-15, 3*16, 3-17, and 3*20 a light spot of 4mm in
diameter has been assumed. This is the mean diameter of the beam after it
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has passed through the collimator. The choice of beam diameter (or, more 
correctly, the ratio of beaia diameter to detector diameter) is governed by 
how suitable the resultant error signals and quadrant outputs are for 
control purposes and tracking-error measurement respectively. Figures 3*21 
and 3*22 show a quadrant output and error signal for various beam 
diameters. If the light spot is too small then the quadrant output is 
approximately the shape of the detector response function and the change of 
quadrant output as the spot moves between quadrants is too rapid to 
generate an accurate error signal over a sufficiently large range of beam 
movements; .on the other hand, if the beam is too large then there is little 
difference between the outputs of adjacent quadrants and the error signal 
becomes a small difference between two large signals. Between these two 
extremes the beam diameter is not critical. A 4mm spot was chosen because 
it gives good quadrant outputs and is convenient to generate (collimators 
are not manufactured with a wide variety of expansion ratios).
A comparison of the theoretical error signal function and that 
produced experimentally is shown in figure 3*23* In this figure the centre 
of the light spot is displaced along a line through the centre of the 
detector in the direction of the greatest variation of the error signal 
function. It can be seen that there is good agreement between the 
predicted and actual values.
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CHAPTER 4
CONTROL OF THE MEASUREMENT SYSTEM
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4 CONTROL OF THE MEASUREMENT SYSTEM*
The measurement system's control is performed principally by analog 
electronic circuits although they are supervised by a microcomputer system 
and certain digital circuits. Provided no measurements of the target’s 
position are required (this may occur, for example, when setting-up or 
testing the system) then the microcomputer may be dispensed with. However, 
if used, then the microcomputer system itself has its actions determined by 
either a human operator or by another computer. This other computer, which 
is referred to as the remote computer, is able to perform most of the 
control tasks of the operator and can conduct the measurement system 
through complex programmes of actions without intervention by the operator. 
A full description of the computers and their use in control of the 
measurement system is given in chapter 6 and its related appendices. The 
other parts of the control system are described below.
4>1 The Measurement System's Control Modes.
Each of the measurement sub-systems may operate in one of two control 
modes which are referred to below as the the tracking mode and the non­
tracking mode. Whilst a sub-system is operating in the first of these 
modes, its laser beam follows the movement of the target and the operator 
has no direct control over its position. For this mode to be active, the 
target must not be concealed from the sub-system. In other words, there 
must be no obstruction between the sub-system's optical scanners and the 
target (including parts of the robot arm), and the relevant retro-reflector 
must be suitably orientated (a discussion of the retro-reflector's 
properties is given in section 3«1 )•
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In those situations when operating in the tracking mode is not 
possible, or when this mode has been deliberately disabled by the operator 
or the remote computer, the non-tracking mode is active. In this control 
mode, the position of the laser beam is determined by an external beam- 
position command, and no use is made of the target or the photo-diode 
quadrant detector outputs. The external beam-position command may be 
generated either by the computer which supervises the measurement system 
control or by the operator adjusting two potentiometers. Clearly, the non­
tracking control mode must be in operation when the system is first 
switched on because, at that time, the positions of the laser beams with 
respect to the target is indeterminate. It is also used when switching 
from tracking one target to tracking another, and (as previously indicated) 
when the measurement sub-system ceases to be able to follow the target.
There are also occasions when it is desirable to enable a sub-system's 
tracking control mode to permit the collection of target-position data as 
soon as light from the laser beam falls onto the photodiode quadrant 
detector. In these instances, the laser beam is positioned in the non­
tracking mode so that it intersects the targets future course of movement 
at a point where position measurements are to begin, and then the tracking 
control mode for the sub-system is re-enabled. The laser beam remains in 
this position until the target crosses it and its light is reflected back 
onto the detector. This causes the controller of the particular sub-system 
to switch to the tracking mode; a change which is sensed by the supervising 
computer and may be used to trigger the start of data-acquisition.
It should be noted that each of the measurement sub-systems may or may 
not be following the movements of the target at any instant. For both sub­
systems to simultaneously switch to the tracking control mode, each of the
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laser beams would have to be positioned such that their intersection was no 
more than a few millimetres away from the target's trajectory. Such a 
restriction would not only give rise to difficulties when tracking fast- 
moving or inaccurate robots, but would also preclude the use of the 
measurement system in situations when only the measurement information from 
one sub-system is required. These situations typically arise when the 
target is known to be constrained to move in a plane.
Measurements of the target's position may only be taken when at least 
one sub-3ystem is operating in tracking mode. If both sub-systems are in 
this mode then the target's position may be determined whilst it moves 
freely throughout the entire working volume of the measurement system. 
However if one sub-system is operating in the non-tracking control mode 
then there is insufficient information from the other sub-system tracking 
the target to give full three dimensional position measurement, and a 
further constraint on its motion is required (e.g. that its movements lie 
on a known surface which need not be flat but must be suitably orientated 
with respect to the tracking sub-system).
4«2 Switching Between Control Modes.
To allow one control mode to supersede the other, each sub-system must
be capable of recognising whether its laser beam is being reflected back
onto its photo-diode quadrant detector by the target. To do this, each of
the four buffered voltage signals corresponding to the outputs of the
*
detector's quadrants (q^ where i=1 ,2,3, or 4) are summed to form the 
voltage signal I (see section 3-5). This signal, which is always 
positive, is greatest when the centre of the beam and the centre of the 
detector coincide, and falls to zero as the distance between these centres
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increases. Figure 3*20 shows the calculated values of the signal for an 
four millimetre diameter Gausian light spot falling onto a photo-diode 
quadrant detector of ten millimetre diameter as used in the measurement 
system. It is clear that provided the sum of the outputs of the detector's 
quadrant outputs is greater than some threshold level then the beam may be 
considered to be upon the the detector.
However, rather than use a single threshold with which the z signal 
is compared to determine whether the beam is falling upon the detector, two 
thresholds are used. The higher of these is used when switching from the 
non-tracking to the tracking control mode and the lower when switching back 
again. Thus the tracking control mode is only selected when the beam is 
sufficiently close to the centre of the detector for the detector's 
amplifier to give distinct error signals to the tracking mode controller, 
but once selected tracking mode will persist even when the laser beam 
barely overlaps the detector. This hysteresis in the switching between 
modes not only enhances the measurement system’s ability to follow target 
trajectories which include rapid transients but also prevents rapid 
oscillation between the two modes.
The circuitry which compares to the mode-switching threshold levels 
is described in appendix 2. This circuitry produces a logic signal, "beam- 
on-detector", which is high when the laser beam i s 'incident upon the 
detector. Even if there is a low-to-high transition of the "beam-on- 
detector" signal whilst the tracking-control-mode is enabled, the 
measurement sub-system may not switch between control modes: there may be 
insufficient time for the states of the controllers to adjust to their new 
values before the laser beam moves off of the photo-diode detector and the 
sub-system loses the target. Clearly the measurement system's ability to
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change control modes is dependent both on the trajectory of the target and 
on the states of the controllers as well as the levels chosen for the mode 
switching thresholds. This makes it very difficult to predict the precise 
conditions under which control-mode switching will reliably occur. 
However, experimental evidence suggests that provided the path of the laser 
beam and the target's trajectory are such that the "beam-on-detector" 
signal is high for at least two milliseconds after the tracking mode is 
enabled, then mode-switching is certain to occur.
The measurement system's capability of switching rapidly between 
control modes permits a dither signal to be used to reduce the system’s 
sensitivity to inaccuracies in robot cycles. Rather than place the laser 
beam in a stationary position and rely on the path of the robot coinciding 
with it, small-amplitude triangular wave signals are superimposed on the 
non-tracking mode controller's inputs which causes the beam to oscillate 
about the desired position. Typically this results in a beam movement (at 
the distance of the target trajectory from the measurement sub-system) of 
about twenty millimetres peak-to-peak and with a frequency of between 
thirty and fifty Hertz. If this small oscillation of beam position is set 
up such that it is approximately perpendicular to the robot's path then the 
probability of light from the laser being reflected back onto the photo­
diode quadrant detector is greatly increased and there is a corresponding 
increase in reliable switching from non-tracking to tracking control modes.
A detailed description of the circuitry which is used when switching 
between control modes by either the microcomputer or the operator may be 
found in appendix 2, and the microcomputer software for the same task is 
described in section 6.6 and listed in appendix 3»
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4*5 The External Beam-Position Command for the Non-Tracking Control 
Mode*
When the measurement system is operating in non-tracking mode, the 
positions of the laser beams are not dependent upon the placement of a 
target and therefore the system's controller requires some other source of 
demand inputs. This is provided by an electronic module whose outputs may 
be determined by either the operator or the remote computer. The module 
allows the laser beams to be moved through a sequence of positions, but the 
path that the beams follow when moving between successive points depends 
only upon the characteristics of the controller. In these respects, the 
capabilities of the module and its associated computer software 
approximately correspond to those of a point-to-point robot rather than 
those of a robot with a continuous-path controller.
The usual functions of the module which generates the external beam- 
position command signals is to point the laser beams at a place on the 
targets future trajectory, and to move the beams onto fixed calibration 
targets. Consequently, it is seldom necessary to position the beams such 
that their intersection coincides with a given set of co-ordinates 
specified with respect to an arbitrary frame of reference. More commonly, 
the operator interactively aligns the laser beams with positions of the 
targets. This avoids the difficulties which arise when attempting to 
calculate the laser beams position from the co-ordinates of their 
intersection. Such a calculation not only requires co-ordinate 
transformations but also requires the inversion of equation 5-1 6. (Note 
that in the circumstances both ri and 5 are zero.) These calculations could 
not be performed by the microcomputer which controls the measurement system 
without there being a significant increase in its capabilities, but it
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should he possible to perform these calculations on the remote computer. 
If such an extension was made to the measurement system, then the system 
would be of more use when testing robots programmed off-line because it too 
could be programmed in this fashion. However, the absence of this 
measurement-system feature has not proved to be a serious limitation during 
experiments performed to date.
When conducting a series of test using the measurement system, it is 
frequently desirable to move the laser beams to more than one point whilst 
the system is operating in non-tracking control mode. For example, 
consider a measurement cycle which includes data collection when the laser 
beams are directed at calibration targets as well as when they are 
following the robot's motion. Such a measurement cycle could provide 
useful information on the drift characteristics and repeatability of the 
robot if performed several times under the control of the remote computer. 
Clearly it is desirable that, once initiated, this sequence of tests could 
be performed without operator intervention, and hence the positions of the 
calibration targets and at least one point on the robot's trajectory must 
be stored by the measurement system. These points are stored digitally but 
are converted to analog signals before being fed into the controller as the 
external beam-position command.
As well as containing digital-to-analog converters whose input latches 
may be loaded by the microcomputer, the electronic module which generates 
the external beam-position command also permits the operator to set the 
position of each measurement sub-system's laser beam using a pair of 
potentiometers. This facility is useful when testing the system 
independently of the microcomputer and when performing simple measurement 
cycles. A full description on the module's capabilities and electronic
1 00
circuitry is given in appendix 4, but it should be noted that it is
currently being redesigned to greatly facilitate the use of dither as
described above. At present, the measurement system's electronics only 
include provision for superimposing an external dither signal onto the 
beam-position command, and a free-standing commercial signal generator is 
being used to provide this signal. This arrangement is unsatisfactory 
because the dither signal is not under the control of the computer and 
consequently all positions to which the laser beams are moved during
measurement cycle have the same dither.
4.4 The Control Strategy.
There are three main factors influencing the choice of control 
strategy for the measurement system when it is operating in tracking mode. 
They are: the behaviour of the photo-diode quadrant detector when used in 
conjunction with a Gausian light-spot distribution, the overall geometry of 
the laser-tracking system, and the dynamic characteristics of the optical 
scanners. Each of these influence the strategy in a different way. The 
quadrant detector's influence results firstly from its behaviour as a non­
linear control-system element without a memory, and secondly from it 
coupling together the control loops of the two optical scanners within each 
sub-system. In contrast, the non-linearities introduced into the control 
system by the measurement system's overall geometry manifest themselves as 
gain blocks whose input-output ratio is dependent upon the target position 
ana is therefore variable. However, neither the quadrant detector 
behaviour nor the the overall system geometry of the system restrict the 
measurement system's speed of response; the band-width of the system is 
determined almost entirely by the optical scanner, its drive amplifier, and 
its position transducer. Thus although the control loops of the
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measurement which are active whilst it is operating in tracking mode 
include non-linear elements, they are separate from the linear elements 
which limit the system's dynamic response.
There are fewer constraints upon the choice of control strategy for 
the measurement system when it is operating in non-tracking mode. One 
reason for this is that neither the photo-diode quadrant detector nor the 
overall system geometry are present within the non-tracking-mode control 
loop. Consequently, the control problem reduces to that of designing a 
controller for the optical scanner and its supporting electronics which
together comprise a linear system. The problem is further simplified by
the optical scanner's speed of response and overshoot being relatively 
unimportant when the system is operating in the non-tracking control mode.
A further constraint upon the control strategy is given by the need to 
rapidly switch between control modes. When the tracking mode supersedes 
the non-tracking mode, each of the states of the system prior to switching 
must be close to the value that they assume once switching has occurred. 
If they are not, then the controller may have insufficient time in which to 
adjust their value before the light spot moves off of the photo-diode 
quadrant detector and tracking is lost. This situation may result, for 
example, if the tracking-mode controller contains an integrator within a 
control loop which is left open whilst the measurement system is not 
tracking the target. Such an integrator would saturate in the non-tracking 
control mode causing a great disparity between its states before and after 
switching to tracking mode.
The effect of the overall system geometry may be found by
differentiating equations 3-17 and 3*13 of section 3-2 to yield
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j(g + Xcos2e + Zsin2 9 )cos2 9 + Ysin2e }d0 
z z x x
+ sin2 9 (Xcos29 - Zsin29 )d0 (4*1 )
x z z z
(Zcos2 0 + Xsin2 0 )d0 (4.2)
z z z
These equations may be simplified because 9 and 0 are virtually constantx z
for a fixed target position due to the distance between the measurement
sub-system and the target being very much greater than the ranges over
which n and 5 vary. Hence, by using values of 9 and 0 obtained from
X z
equations 3*17 and 3*18 with ti and 5 set to zero, the following equations 
may be derived
(4.3) 
(4.4)
where A 9 and A0 are small movements of the mirrors which displace the X z
light spot from the centre of the detector. These equations imply that the 
ratio between a small movement of a mirror and a corresponding displacement 
of the laser beam on the quadrant detector is approximately equal to the 
target's stand-off distance from the measurement sub-system, and also that 
small rotations of the two mirrors produce orthogonal displacements of the 
laser beam on the quadrant detector. The latter implication is important 
because it means that the tracking-mode control loops of the two optical 
scanners are not coupled together as a result of the overall system 
geometry.
However, the control loops of the optical scanners which determine the 
horizontal and vertical rotations of the laser beam are coupled together by 
the quadrant detector. This is because each of the error signals generated
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i n  = / ( ( g + / [ z 2 + x2])2 + Y 2 ! a 0x
and Ik = /(Z2 + X2)A9 
4 z
and -d£ =
by the detector’s amplifier are functions of both the horizontal and 
vertical components of the laser beam's displacement from the detector's 
centre; if they were functions of only one component then there would be no 
interaction between the control loops. Nevertheless, it may be seen from 
the plot of one detector error signal given in figure 3*16 that, provided 
one component of the laser beam's displacement is less than about two 
millimetres, the error signal is approximately dependent upon only the 
other component. This permits the effect of the detector's non-linearity 
to be predicted using describing function analysis so long as it is assumed 
that the quadrant detector cannot cause a limit cycle involving both 
control loops simultaneously.
The describing functions of the quadrant detector's error signal are 
shown in figure 4*1. (Each of the curves in this figure have been 
normalised by dividing them by the small-signal gain at the detector's 
centre.) As a result of the describing function's amplitude decreasing as 
the amplitude of beam movement increases, and there being no hysteresis in 
the detector's response which could give rise to a phase lag, the quadrant
detector will not cause the controller to become unstable unless the small-
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signal gain at the detector's centre is sufficient to result in an unstable 
control system (i.e. the small-signal gain at the detector's centre 
multiplied by the gain of the rest of the control loop at ninety degrees 
phase lag is greater than one).
Experimentally, the effect of the quadrant detector on the stability 
of the control system may be investigated by steadily moving the target 
away from the measurement sub-system. This causes an increase in the 
closed-loop gain of the control loop because of relationships 4»3 and 4*4* 
If such an experiment is performed, it is found that at some distance
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between the target and the measurement system a limit cycle develops as one 
or other of the optical scanners begin to oscillate. Any further increase 
of the target’s stand-off distance causes the amplitude of the oscillation 
to increase so that eventually the beam moves off of the detector and the 
sub-system ceases to follow the retro-reflector. As expected, no limit 
cycle which involves the simultaneous oscillation of both optical scanners 
occurs even if the relative gains of the optical scanner controllers are 
changed.
Because the non-linear elements of the control system are separate 
from those which determine its speed of response, the tracking-mode 
controller may be usefully divided into two parts. One part improves the 
speed of response of the optical scanners, and the other part closes the 
tracking-mode control loop and compensates for the non-linear control- 
system elements. Such a division of the control problem permits the 
system’s speed of response to be improved by the use of complex linear 
control algorithms which would otherwise be inapplicable. For example, an 
observer could not be constructed for a system which included a variable 
gain block such as that introduced by the measurement system's overall 
geometry.
Although the part of the controller concerned with improving the 
measurement system's speed of response must operate in the wider context of 
the overall control system, its design is dependent almost exclusively upon 
the dynamic characteristics of the optical scanners. These behave as 
linear systems whose experimentally determined frequency response is shown 
in figure 4.2. From the figure it may be deduced that the optical scanner 
and its drive amplifier form a third order system. This is in agreement 
with the theoretical model given for it in section 3*3 by equations 3*25
and 3*26. The positions of the transfer function poles were found from the 
experimental data by using the Zaman-Levy method to fit to it a transfer 
function of the form
2 3  
1.0 + a,s + a_s + a_s 1 2  3
(A description of this method is given in references 43, 44, and 45*) The 
coefficients of this transfer function were found to be
?
a^  = 1 .58224x10 seconds a^ * 6.46232x10 seconds
_Q ’I
SLj = 2.11759x10” seconds and a^ = 1.2541
which gives poles positions of -64«54 rad/s and -120.32+846.87j rad/s. 
Thus, the system consisting of the optical scanner and its drive amplifier 
has one very slow real pole and a pair of much faster complex ones.
Clearly the real pole must be moved much further to the right on the 
complex plane if the speed of response of the system is to be sufficiently 
fast to follow the movements of a robot. This is difficult to achieve 
satisfactorily using the "classical" approach to controller design because 
of the pole positions. However, the optical scanner is particularly well 
suited to control using state-space methods. This is due to three 
reasons
(1) The response of the optical scanner and its supporting electronics is 
extremely linear: the only departures from the linear response
predicted by equations 3*25 and 3»26 are caused by saturation of the 
drive amplifier and by the small amount of high frequency (2MHz) noise
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generated by the position transducer. (This noise is responsible for 
the slight up-turn at the end of the amplitude ratio curve given in 
figure 4-2.)
(2) An accurate model is available for the optical scanner. This is 
important for any system controlled using state-space methods, but it 
is particularly so for the optical scanner because not all of its 
states are available for control purposes. Hence an estimation of 
their values must be constructed using an observer, and the behavior 
of this observer needs to closely approximate that of the optical 
scanner.
(3) The optical scanner and its supporting electronics form only a third- 
order system. If it were of a much higher order, then either the 
controller would become extremely complex (a controller using an 
observer and state feedback is of the same order as the system), or 
some of the transfer-function poles would have to be neglected 
resulting in a less accurate system model. Neither of these 
alternatives is desirable.
For these reasons it was decided to use an observer and state feedback to 
improve the dynamic characteristics of the optical scanner. A block 
diagram of the state-space controller is shown in figure 4.3 and its design 
is described in section 4«5»
Having discussed the choice of control strategy for that part of the 
measurement system's controller which improves the response of the optical 
scanners, attention may now be turned to the other part of the controller 
which closes the tracking-mode control loop and compensates for the non­
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linear contro 1-system elements. For this part of the controller P.I.D.
control was used. This choice of control algorithm was principally made to
avoid the need to couple together the control systems of each measurement
sub-system. If they were coupled then the value of the variable gain
introduced by the overall system geometry could be calculated and the
precise conditions under which the controller was operating would be known.
However, there are many instances when it is desirable to operate each
measurement sub-system in isolation (see section 4.1 ), and in these
situations the precise locations of the closed-loop transfer function's
poles and zeros cannot be predicted. Thus any control algorithm chosen
must not rely on knowledge of their location. P.I.D. control fulfils this
»
criteria as well as having the advantages of being both simple and well 
tried.
A disadvantage of using a P.I.D. controller when the measurement 
system is operating in tracking mode arises because of the states of the 
integrator when switching between control modes. Although there are 
various configurations of the controller electronics which may be used to 
ensure that the state of the integrator before switching to tracking 
control mode is approximately the same as after switching, the simplest is 
to include the P.I.D. controller in both the tracking and non-tracking 
control loops. This gives an overall control system for the measurement 
sub-system which has the structure shown in figure 4.4. The P.I.D. 
controller works well in the non-tracking control loop despite being 
designed for use in the tracking mode because the transfer functions of the 
two control loops differ only in their steady-state gain. Hence the 
inclusion of the two gain blocks which scale the inputs to the control-mode 
switch. However, these gain blocks do cause some difficulties when 
implementing the controller as electronic circuitry because of their widely
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differing values. The design of the P.I.D. controller is described in 
section 4*6.
4*5 Design of the State Space Controllers for the Optical Scanners*
As a consequence of the optical scanner and its related electronics 
behaving as a linear third-order system with a single input and a single 
output, its dynamics may be described by
output voltage signal from the position transducer, and the system's states 
are given by the three-row column vector x. The elements of the three-by- 
three system matrix A, the three-by-one distribution matrix B, and the one- 
by-three output matrix C, are all constant but dependent upon the choice of 
state variables.
p c* 0 TBy using the notation of section 3*3 and choosing [ 9 , ij as the
CL X
state vector, equations 3*25 and 3*26 give
(4.6) and V = Cx 
P -
(4.7)
where V, is the input voltage signal for the drive amplifier, V is the
0 V 0
A' n
(4.8)
0 -b/L -R/L
B' = [ 0 0 1/L ]T (4.9)
and C * = [ k
P
0 0 ] (4.10)
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The dash has been added to the name of each matrix to denote its derivation 
and does not indicate differentiation.
An alternative source of the matrices A, B, and C is equation 4*5
which is a transfer function fitted to experimental frequency response data
obtained from the optical scanner and its associated electronics. Using
d d 2the state vector [v ,--V .— -V 1, this equation gives
P dt p ’ d|  p J>
A" =
0 1 0
0 0 1
—1 ^  ^  ” a2^ a3
(4.11)
B" = [ 0 0
a4/a3 ]
T (4.12)
and C" = [ 1 0 0 ] (4.13)
It is convenient at this point to introduce the integrator time
constant T^ and change the independent variable of the differential
equations from t to t; where t equals t/T^ and is non-dimensional. This is
in anticipation of constructing an observer for the system. By denoting
TtA as A and T_B as B, equation 4.6 then becomes 
I p I P
--x = Ax + BYdr—  p — p d (4-14)
but equation 4*7 remains unchanged.
The state vector is now transformed from x to z using a matrix T
x = TjZ_ (4.15) a = t71 AT,1 p 1 (4.16)
1 1 0
B = t71 B1 p (4.17) C = CT1 (4.18)
and as a consequence the new equations of motion become
i-z = Az + BV, (4.19) V = C (4.20)
UT— — Q p
It is possible to choose such that the system states each have
dimensions of Volts, the elements of A, B, and C are non-dimensional, and
the matrices A and B have the forms
0 1 0
i 0 i
0 0 1 | and
i i
i 0 | respectively.
“*3 "a2 ”a1
i 1 i
In addition, as the system does not have poles with widely differing real 
parts, it is also possible to choose a value for which gives all of the 
elements of A similar magnitudes. The system has now been represented in 
standard controllable form.
The matrix T^ may be constructed for any system and distribution 
matrices of a controllable single-input system as follows. Define 
(i = 1 ,2...n) by
det(XI-A) = Xn + o Xn“1 + ... an (4.21 )
Then let P = [B;AB;A2B; ... ;An~1B] (4.22)
1 1 1
n-1 a2 a1
ai 1
s =
I “2 
i °1
a1
1
1 * I
• i
0 * !
(4.23)
1
1 0
• i
0 ...............  0 1
and = PS (4.24)
To show that T^ has the desired properties, the Cayley-Hamilton
theorem •
An = - a I n “ an-1
A A 11” 1A « . . .  - A (4.25)
is required. To prove this, let
(AI-A)
, (D,Xn_1 + D,Xn'2 + ... + D )
-1 _  2____ _________n_
(Xn + a. X11  ^ + ... + a )
1 n
(4.26)
so (Xn + a.X11’1 + ... + a )I = (xl-A)(D«Xn“1 + D0Xn“2 + ... + D ) (4.27)I n 1 c. u
Then by equating coefficients of X and pre-multiplying by A for 
k = n,... 1 ,0
AnI = h*T>
A11”1 a, = An_1 (D2 -AD,) 
An'2a2 = An'2(D3 -AD2)
Xa = - ADn n
Adding these equalities gives the result 4.25*
Returning to the demonstration that the definitions 4*21, 4*22, 4.23, 
and 4*24 give a matrix T^ with the desired properties, the matrix product 
AT^ may be expressed as follows
AT1 = [AB;A2B;...;AnB]s
0
i 0i
0 0 ..
n i
i 1 0 0 0 -a .n-1 I
= [BjAB;...;An~1b]\ 0 1 0 0 -a |s
1 -a (4.28)
The first n-1 columns of the last expression's penultimate matrix follow 
directly from the preceding line and the final column follows from equation 
4.25* Continuing by using the definitions of P, S, and T,
AT. = P
-a 0 
n
0 -a
n-2
0 a1 1
0
= P
n-1 a1 1
°1 1
0 1
0 0
0
•a -a . -a .
n n-1 n-2
-a.
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0 1
0 0
0
0
-a -a -a •
n n-1 n-2
1
-a
= T1A (4.29)
-1
This implies A = T^  AT.j (4.30)
which shows that the matrix T^ transforms A into standard controllable 
form. It only remains to demonstrate that B * T ^ B  also has the expected 
form.
TtB = [B;AB;...;An”1B]
Ct . • • • Cl. 1 0
n-1 1 
• •
1 0 •
• •
1
♦
0
•
1 0 ....  0 1
[B;AB;...;An~1 b ] = B (4.31 )
To find T^, A, and C for a particular value of based on either A', B',
and C* or ■ A”, p®"» anc* C", equation 4.25 is used to provide three
simultaneous equations which are solved to find , a^, and and these 
are substituted into equations 4.22, 4*23, and 4*24.
Having obtained a equivalent system for the optical scanner and its 
support electronics in a convenient form, an observer may be constructed. 
The state vector of the observer is denoted by z and its system, 
distribution, and output matrices are identical to those of the the system
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controlled. To bring the output of the system (V ) and the output of the
Pa
observer (V ) together, a gain matrix E is applied to their difference and 
P
the resultant error vector fed back into the observer as shown in figure 
4*5* The equations describing the behavior of the observer are
f-z = Az + BV, + E(V -V ) (4-32)
at— — d P P
and V = Cz (4*33)
P
If we denote the error vector (z-z) by e the combining equations 4«32, and 
4*33 with equations 4«1 9, and 4«20 yields
~-e * (A - EC)e (4-34)dx— —
and hence convergence of the observer’s states with those of the system is 
independent of the input and governed only by the matrix (A - EG). The 
eigenvalues of this matrix may be set to any value by suitable choice of E, 
and hence the poles of the transfer function which determine the error 
dynamics may, in theory, be arbitrarily placed. However, there are 
practical limitations on the speed of system response which may be 
obtained; these are discussed below.
To calculate a value of E for specified poles of equation 4.34, the 
equation is first transposed, and then a transformation of the error vector 
is introduced.
-1 -T -1 -T
Now denote Tg A Tg by A, Tg C by C and ETg by E. If the transformation Tg
-T -Tis obtained using the matrices A and C by a process identical to that of 
obtaining using matrices A and B, then equation 4-37 will take the form
r
! 0i 1 0 ! 0
-\
1
1
dT^f1,f2,f3^ tfl,f2,f3 ^
11
i 01
0 1 ! - 0
1
j[E1,E2,E3 ]y
I a51 ^ 2 ^ 3  1 1
1
1
1
11
1
/
! 0 1 0
A^ -j A^g—Eg A33""E3
(4.38)
or as an ordinary differential equation
3 2 ~
= A^31“E1 + A^32“E2 ^drf1 + A^33”S3
dT dT
(4.39)
If this equation is to have poles p^ , Pe2» an<* Pe3> ihen
E1 " A31 _ ^ Pe1 + pe2 + Pe3^
e 2 - a 3 2  ♦ (? e l p e2 * p e 2 p e3 ■+ p e3 p e 1 )
E3 = A33 - Pe1pe2pe3
(4.40) 
(4.41 ) 
(4.42)
Thus a value for E can be calculated which allows the arbitrary choice of 
eigenvalues of matrix (A-CE), and because this matrix has the same 
eigenvalues as (A-EC) a value for E=ETg^ which places the poles of equation
4.34 in any desired position may also be calculated.
It should be noted that it is not necessary to transpose equation 4«34 
to calculate E. However, doing so, simplifies the implementation of the 
above algorithms as computer procedures by creating substantial amounts of 
common code which may be programmed as subroutines.
Having constructed an observer for the system consisting of the 
optical scanner, its drive amplifier, and position transducer, it is 
possible to use the estimate of the system's state vector (z) for control 
purposes. This is shown in figure 4.5 and gives rise to the equation
Combining this with equations 4*32, 4*33, 4.19, and 4.20 and assuming that 
the states of the model within the observer are identical to those of the 
system, then
This matrix has a similar form to that which occurs in equation 4-33 and
V = - Kz + k.u
d (4.43)
= (A - BK)z + Bk.u (4.44)
Thus the system poles are now determined by the matrix (A - BK) which has
the form
0 0
(A - BK) = | 0 0 (4.45)
therefore its eigenvalues p ^ , p^, and p (which are the poles governing
the system dynamics) may be arbitrarily chosen by letting
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The only remaining element of the controller which must be assigned a 
value is the gain block (k^) which scales the input to the system. In the
Although the above analysis implies that the system and error poles 
may be arbitrarily located, in practice the response speed of the 
controlled system is limited by both its sensitivity to noise, and 
saturation within the controller or system. If the poles governing the 
convergence of the system and model states' are placed far to the left of 
the complex plane, then the matrix E contains very large gains. This 
results in any noise interfering with the output of either the system or 
its model being greatly amplified and fed back into the states of the model 
so that they cease to accurately reflect the states of the system. 
Moreover the large gains may cause saturation within the controller; 
however this problem can be minimised by careful adjustment of the system 
model.
steady state z =z, z =--z =0 and z,=--z =0 so the equations of the system 
- —  d clt i ax d
reduce first to
(A_, - K. )z. = k.u and V = C.z 
1 1  4 p 1P
V k C
and then to -2 =  ----- (4.49)
If the steady state gain of the system is to be kgs then
ss
(4.50)
The choice of pole positions for the controlled system are limited 
principally by saturation within the optical-scanner drive amplifier and 
the positions of the error poles. The later condition arises because for 
state feedback using estimated states to adequately control a system those 
states must converge with the system states faster than the controlled 
system’s response. Most authors recommend that the error dynamics be an 
order of magnitude faster than those of the original system; however, in 
the present design of the optical scanner controller they are somewhat less 
because of the availability of a good system model and the problems 
mentioned above.
Rather than attempt to optimise the pole positions theoretically, a 
more pragmatic approach was adopted and the system modelled on a computer. 
A fourth-order Runge-Kutta method was used to solve the resulting 
differential equations. Using the experimental transfer function data 
given in section 4-4 and setting T^=2.5ms, the following values were 
obtained for the matrices describing the system's dynamics.
0 0
A = 0 0 (4.51)
-0.738 -4.67 -0.763
B = [ 0 0 1 ]T (4.52)
C = [ 0.925 0 0 ] (4.53)
It was found that by placing all of the error poles at t =-5/T^, 
sufficiently rapid convergence of the system and model states is achieved 
without causing excessive gains within the controller. The resultant
matrix which generates the error vector is
E = [ 153 623 134 ]T (4.54)
The placement of poles governing the controlled system's dynamics is 
more difficult. This is due to two factors. Firstly, the criteria for 
what is the "best" response is vague because the state space controller is 
being used in conjunction with another controller; although saturation or 
noise occurring within the state space controller may not cause instability 
problems when it is used as a free standing controller they may do so in 
the context of the overall control system. Secondly, the designer of the 
controller is unable to influence when saturation occurs in the controlled 
system. This is in contrast to the situation of placing the error poles 
because saturation within the controller can be avoided by its careful 
implementation as an electronic circuit using operational amplifiers.
The calculated response of the optical scanner when controlled by the 
state-space controller is shown in figure 4«6. The computer simulation 
used to obtain these responses included ideal saturation characteristics 
for each element of the electronics but ignored the effect of magnetic 
saturation within the optical scanner. This assumption is justified 
because the inductance of the optical scanner's drive coils causes the 
amplifier which passes current through them to saturate well before 
magnetic saturation occurs. For each graph in the figure, the poles 
governing the error dynamics are placed at -5/T^ and the overall system 
poles are coincident. Values of -1/T^, -1.5/T^, -2/T^, and -2.5/T^ were 
chosen for this latter set of poles for graphs (a), (b), (c), and (d) 
respectively, and table 4.1 shows the effect of these pole positions on the 
control matrix K. It can be seen from the table that the gains of the
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control matrix increase rapidly as the overall system poles are made more 
negative than the band-width of the optical scanner.
Table 4«1» The Effect of Overall System Pole Position on the Control 
Matrix K
! Position of poles
I k'
11 
CM 
1 
M
 
1 1 1+-
4
1 
1 i *5 i
1
! -i/"i
1
| 26.2
1
1 16.71
1 1
! 22.4 !
i 1
i -1 -5/Ti ! 26.4
! 20.8
1 ! 37.4 !
i -2/Ti
72.6
1 ! 73.3 i 52.4 i
j -2.5/Tj ! 148.9 1
! 140.8
1 i 67.4 i
1 1 1 1 1
As a further aid in choosing the overall pole positions for the 
optical scanner's state-space controller, the sensitivity of the controller 
to inaccuracies within the observer was also simulated. The results of 
this simulation for overall system poles at -1/T^ and -2/T^ are given in 
figure 4.7. Each graph within this figure shows the effect of altering the 
stated parameter by plus and minus ten percent. It may be seen that the 
state-space controller for the system is insensitive to changes of most 
parameters but not those which effect the steady-state gain of the system. 
However, the steady-state gain of the observer is the parameter which is 
most easily adjusted independently of the others; so this sensitivity does 
not, in practice, prove to be a disadvantage of the controller.
Taking the above considerations into account and erring on the side of 
caution, a value of “2/T^ . was chosen for the overall pole positions. This 
choice gives a measureraent-system response which is sufficiently fast for 
it to track the movements of robots moving moderately quickly (i.e. at
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speeds up to 1.5m/s), but it is likely that a slightly faster system 
response could be obtained. This is due to two reasons: firstly, when the 
measurement system is operating in non-tracking mode, the optical-scanner 
drive amplifier outputs never approach saturation levels even when the 
target undergoes a rapid change of velocity so the full capabilities of the 
drive amplifier are not being exploited; secondly, a pair of complex poles 
and a real pole rather than three coincident real poles could be used to 
improve the high frequency response of the optical scanner and its related 
electronics at the expense of causing a small overshoot in its step 
response.
The realisation of the optical scanner's state-space controller as an 
electronic circuit is shown in figure 4.8, and its experimental frequency 
response is shown in figure 4«9* If this graph is compared to the open- 
loop frequency response of the system without the controller (given in 
figure 4.2), then it will be seen that, as intended, the state-space 
controller has altered the transfer function of the optical scanner to a 
form which is more suitable for control by a P.D.I. controller.
The experimental step response of the optical-scanner's state-space 
controller is shown in figure 4*10. The first two graphs of this figure 
compare favourably with those predicted by the simulation of the controller 
given in figure 4.6, and the last graph of figure 4.10 confirms that the 
observer for the controlled system can be adjusted so that it accurately 
models the system; this confirms that the optical scanner, its drive 
amplifier, and position transducer closely approximate to a linear third- 
order system.
4*6 The P.I.D. Controller.
The implementation of the P.I.D. controller and the two gain blocks 
which scale its input in the tracking and non-tracking control modes is 
shown in figure 4*11 • It should be noted that this circuitry does not 
behave as a true P.I.D. controller at high frequencies because the 
differentiator has been modified by the introduction of two poles into its 
transfer function, and a further pole has been introduced by the inclusion 
of a capacitor into the feedback network of the summing amplifier. The 
differentiator’s modification is necessary to ensure the stability of its 
operational amplifier but it also reduces the overall control system’s 
sensitivity to noise. This latter reason was also the impetus for 
modification of the summing amplifier.
A first approximation to the optimum gain setting of the P.I.D. 
controller was obtained from the experimental transfer function of the 
controlled system using the techniques of Zeigler and Nichols, and Coon 
described in references 46 and 47 respectively. This approximation was 
then improved iteratively by initially using a computer simulation and then 
by adjusting the settings of the controller itself. When designing the 
electronic circuitry of the controller, values of 1.3ms and 0.36ms were 
used for the integrator and differentiator time constants respectively. 
However, the circuitry includes provision for altering these nominal values 
and the overall gain of the P.I.D. controller by as much as 60%. The 
transfer function of the resultant controller is shown in figure 4*12. 
(This transfer function was calculated from an experimental closed-loop 
frequency response obtained using a gain block and a summing junction 
because the controller's integrator prevents it being tested in open loop.)
Once the positions of the P.I.D. controller's transfer-function zeros 
have been fixed, it only remains to set the value of the controller's 
overall gain. This must be set such that when the target is at the point 
in the measurement system's working volume which is furthest from the sub­
system, the controller does not become unstable. Clearly this gain is 
dependent upon the choice of working volume and this choice is dependent 
upon the particular robot cycle being measured. However, at present the 
controllers overall gain is fixed at the optimum value for a three-metre- 
sided cube working volume but it is intended that the control system.will 
be modified to permit the operator to adjust the controller gain of each 
sub-system.
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4*2 The Open-Loop Frequency Response of the Optical Scanner, 
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CHAPTER 5 
THE DATA ACQUISITION SYSTEM
5 THE DATA ACQUISITION SYSTEM.
For the measurement system to obtain sufficient information to 
determine a position of the target, six analog signals of each measurement 
sub-system have to be digitised and stored. The six signals are: the 
outputs of the two optical scanner position transducers, and the four 
quadrant outputs of the photo-diode detector. These signals must be 
sampled simultaneously because they may be varying rapidly as the robot 
moves throughout its working volume.
The signals for which precise data acquisition is of greatest
importance are the outputs of the optical scanner position transducers.
The entire movement of the robot across the measurement system's working
volume is mapped onto them and hence analog-to-digital conversion to an
15accuracy of at least one part in 2 is desirable. In contrast, the photo­
diode quadrant detector outputs have lower accuracy requirements because 
they are only used to calculate the target tracking error which is less 
than five millimetres. Thus the percentage error in acquiring these 
signals may be substantially greater than that which is tolerable for the 
optical scanner position transducer outputs.
The differing accuracy requirements when digitising the measurement 
system's signals permit the same analog-to-digital converter to be used for 
all of the signals acquired from each sub-system: all of the signals are 
sampled simultaneously and then digitised sequentially by one converter. 
This leads to a reduction of the data-acquisition accuracy for the later 
signals because of the sample/hold circuitry's droop rate, but if the 
outputs of the optical scanner position transducers are digitised first 
then such a reduction is acceptable.
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After considering many of the analog-to-digital converters and 
sample/hold circuits which are available on the market, the MP2735-2 
fifteen-bit analog-to-digital converter and the MP282A dual channel 
sample/hold were selected for use in the measurement system. These 
modules, which are products of Analogic Limited, offered sufficient 
precision and permitted relatively easy use of simultaneous sample/hold at 
a comparatively low cost —  presumably because of their use in audio and 
video recording applications.
5.1 The Data Acquisition Modules*
The internal structure of the MP282A sample/hold module is shown in 
figure 5*1• This module is capable of sampling two analog input signals 
and contains an integral multiplexer and automatic gaining amplifier. The 
gaining amplifier may have a gain of either one or two depending on the 
magnitude of the input signal. This gives an effective sixteen-bit dynamic 
range because if the input to the sample/hold module is less than half the 
full scale range of the analog-to-digital converter then it is doubled 
prior to conversion. In order that the state of the sample/hold module 
night be known during later computations, the "gain bit" logic signal which 
determines the gain of the amplifier forms one bit of data acquisition 
module's digital output. However, the automatic ranging facility of the 
sample/hold module is of limited benefit in the present application because 
the accuracy to which the optical scanner mirror positions must be known 
for a given bound on the error in measuring the position of the target is 
greatest at the extremities of the mirror's movement and not at its centre 
position.
143
Each of the three sample/hold modules contained within a measurement 
sub-system are controlled by three common signal lines. They ares "S/H", 
"S", and "Latch Control". The first of these control signals is used to 
either sample or hold the the analog inputs to the module. The second 
determines which held signal is presented to the automatic gaining 
amplifier, and the third is used to fix the state of the gain and channel 
select latches during analog-to-digital conversion.
The analog-to-digital converter and the multiplexers are shown in 
figure 5«2. Note that as well as there being a multiplexer for the analog 
outputs of the three dual sample/hold modules there is also a multiplexer 
for their "gain bit" signals, and the multiplexers are both controlled by 
the same address lines ("A^" and "A^"). The output of the analog 
multiplexer is connected directly to the input of a fifteen-bit analog-to- 
digital conversion module which commences a conversion cycle on each 
occurrence of a low-to-high transition of the trigger signal, and indicates 
its completion by lowering the "EOC" signal.
5»2 The Timing and Control Circuitry for the Data-Acquisition Modules.
Two designs of the digital circuitry which controls the data- 
acquisition modules have been constructed. The second of these designs, 
which was developed in conjunction with a re-design of the interface 
between the measurement system and the computers, was prepared after the 
first had been evaluated. A description of the interface is given in 
section 6.4 and appendix 7« The benefits gained from re-designing the 
data-acquisition circuitry include: faster data acquisition, improved 
accuracy of the analog-to-digital conversion, and a rationalisation of the 
computer interface. However, the re-design also resulted in a more complex
144
circuit and a reduction in its flexibility. The two designs are described 
and compared below.
5*2.1 The Precursor of the Present Data-Acquisition Timing and Control 
Circuitry.
The data-acquisition modules described above have digital control 
lines which require careful timing if the full dynamic accuracy 
capabilities of the modules are to be exploited. In the first design of 
the data-acquisition control circuitry, monostable multivibrators were used 
to generate the time delays between changes in the control line states. 
This resulted in a moderately complex circuit which was difficult to 
analyse when checking for logic races, but each individual time delay could 
be easily altered independently of the others and no circuitry which 
generated a clock signal was required. The greatest disadvantage of using 
monostable multivibrators was the difficulty of providing adequate ground 
line decoupling for them on a wire-wrap board. They tend to produce more 
electrical noise than most other TTL circuitry because of their combination 
of digital and analog electronics and this noise was particularly unwelcome 
close to the sample-and-hold and analog-to-digital converter modules.
The signal lines connecting the first design of the data-acquisition 
timing and control logic circuitry to the computer were: a "sample/hold"
control line, three address lines, an "address strobe" control line, and a 
"data true" status line. The three address lines determined which of the 
six analog inputs to the data collection circuitry was to be converted to a 
digital signal and their values were loaded into a three-bit latch by a 
positive pulse applied to the "address strobe" control line. Any 
alteration to the contents of the address latch when the "sample/hold" line
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was high would initiate a data conversion cycle, and such a cycle would 
also he commenced when the "sample/hold" line was raised. During the cycle 
the "data true" status line would be low indicating that the output from 
the analog-to-digital converter was changing. Only one of the six analog 
signals would be digitised during the cycle which would end with the "data 
true" status line being raised.
Control of the data collection was effected by the computer loading a 
series of data latches and reading the contents of a status register and 
two data registers. Each of the address and control lines were connected 
directly to one bit of the data latch. This arrangement placed limitations 
on the rate of data acquisition because of the excessive number of 
input/output instructions that the computer had to execute to acquire each 
byte of data. For example, to change the contents of the address latch its 
new contents would first have to be loaded into one of the computer's data 
latches by an output instruction. Then a further two output instructions 
were required to raise and lower the "address strobe" line which was 
connected to one output bit of a different data latch. The minimum 
interval between the capture of successive data samples which could be 
achieved using the original data-acquisition circuitry was one millisecond, 
and it would have been increased to two milliseconds if a second 
measurement sub-system had been introduced.
Not only was a slow data-acquisition rate undesirable because it 
reduced the system's capacity to measure rapid movements of the target's 
position but also because it reduced the accuracy to which some of the 
signals could be measured. This was due to the length of the delay between 
capturing the signal and converting it to digital form. It should be 
minimised to avoid inaccuracies caused by the sample-and-hold module's
146
droop rate. The maximum length of this delay would have been increased if 
the previous design of the timing and control logic circuitry for the data- 
acquisition modules had been retained and the measurement system extended 
to permit three-dimensional position measurement.
3*2.2 The Current Data-Acquisition Timing and Control Circuitry.
A block diagram showing the present structure of the data-acquisition 
system is shown in figure 5»3» The major feature of the structure which 
was not present in the former design of the system is a twelve-byte data 
buffer. When a data acquisition cycle is commenced, each of the six analog 
inputs to the system is digitised in turn and the resulting sixteen-bit 
number placed into the buffer. Once the buffer is full, its contents may 
be transferred to the computer via the interface. Thus there is no 
involvement of the computer in the process of data acquisition between 
initiating the cycle and reading the results. This not only allows the 
digital-to-analog conversion to be performed at maximum speed but will also 
allow it to occur simultaneously within both sub-systems when a full 
measurement system is constructed. The penalty incurred by introducing a 
buffer for the data between the digital-to-analog converter and the 
computer interface is a reduction in the system's flexibility; the number 
of signals digitised and the order in which they are converted is now 
fixed.
It may be seen in figure 5*3 that the present data-acquisition timing 
and control circuitry receives only one input signal from the computer —  
the "sample/hold" line. When this line is raised a data-acquisition cycle 
is initiated which takes seventy seven microseconds to be completed and 
whose end is indicated by the "buffer full" status line becoming active.
1 47
During this cycle, data is placed into memory locations of the buffer by 
active-low pulses on the "write enable" line; the address of the memory 
location being determined by the three lines which form the "channel 
number". Figure 5«4 shows the circuitry which performs these actions. 
This circuitry consists entirely of clocked logic to avoid the problems 
associated with monostable multivibrators and its clock input is a 1 MHz 
square wave. A detailed description of the data-acquisition timing and 
control circuitry is given in appendix 5*
The address decoding circuitry and random access memory which forms 
the data buffer is shown in figure 5»5» There are sixteen data lines into 
the buffer and eight out. Each sixteen-bit input to the buffer is placed 
into two eight-bit memory locations whose contents are subsequently read by 
the computer executing two input instructions. Thus the buffer serves to 
transform the format of the data from that produced by the analog-to- 
digital converter to that which is acceptable to the eight-bit 
microprocessor.
A memory location of the data buffer may be read by the computer 
placing a four-bit address onto the "Read address" lines (X^, X^, X^, and 
X^) and then lowering the "Read enable" line. Whilst "Read enable" is high 
the eight output data lines of the buffer are in a high impedance state, 
and whilst low the data appears on them. The buffer has been designed to
i
respond to "Read address" values between 0000^ and 1011^ so that the 
computer may obtain data from successive input ports (see chapter 6 for a 
discussion of the advantages). However, the data-acquisition control 
circuitry does not place data into memory locations with consecutive 
addresses because the sequence of values appearing on the "Channel number" 
lines (A , A^, and S) has been designed to be compatible with the data-
1 4 8
acquisition modules. Hence the need for the unusual address decoding 
circuitry of the buffer.
The minimum interval between capture of successive data samples from 
one measurement sub-system using the current data-acquisition circuitry is 
two hundred and eighty eight microseconds, and when the measurement system 
is extended to include a second sub-system the minimum value of this 
interval will increase to about five hundred microseconds. This gives a 
data-acquisition rate of 3*47kHz for one sub-system and 2kHz for two sub­
systems (cf. 1kHz and 0.5kHz respectively for the previous design of data- 
acquisition circuitry).
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THE COMPUTERS AND THEIR INTERFACE TO THE MEASUREMENT SYSTEM
6. THE COMPUTERS AND THEIR INTERFACE TO THE MEASUREMENT SYSTEM.
The measurement system is able to generate large quantities of data at 
a very fast rate. This data has to be collected and stored for later use 
in calculation of the target's position. The electronic circuits which 
control this data acquisition must be capable of responding to the 
measurement system’s state and of supervising the switching between its 
various modes of operation with the minimum of human intervention. This is 
a task which is inappropriate for entirely discrete logic both because of 
the complexity and because of the flexibility requirements. However it is 
clearly a task well suited to being performed by a computer. What is less 
clear is the desirable size of that computer and its degree of integration 
with the measurement system.
The computer must function as either a link between the measurement 
system and a larger computer network or be capable of processing the 
measurement data alone. The main computer network available is the 
university's PRIME system which could not assume this duty itself because 
it would not respond sufficiently quickly. It is a time-shared system for 
which only access via serial links is available. Nevertheless there are 
many advantages to be gained by using the network to process the data: the 
university's main computer network has an extensive range of well supported 
software and hardware facilities, and also allows both interactive and 
batch processing.
Much of the early computing work of the project was carried out on an 
INTERDATA 7/16 minicomputer but at present a microcomputer system is being 
used for control of the measurement system and for transferring its data to 
the university's computer network. This microcomputer is distinct from the
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measurement system and communication between the two is effected by a 
specially designed interface. Although this system structure has proved to 
be useful whilst developing the measurement system, a more integrated 
structure may be required if certain limitations on the quantity of data 
that may be collected are to be avoided.
6.1 The microcomputer Hardware.
The microcomputer chosen for control of the measurement system is an 
S100 bus system using a Z80 microprocessor. There were several factors 
influencing the choice of computer bus including the availability of a wide 
range of low cost boards for it as several similar microcomputer systems 
were available in the Department of Mechanical Engineering. These factors 
permitted individual boards to be moved from one computer to another for 
testing and advantage to be taken of the wealth of S100 bus expertise 
within the Department for design purposes. A further factor determining 
the choice of bus was the ease of development of special interface boards, 
despite several of the bus control signals being more complex than 
necessary. This complexity arose because the bus was originally designed 
in 1975 for the 8080 microprocessor.
Although most of the Department's microcomputers use 8080 or 8085 
microprocessors, the measurement system's microcomputer uses a Z80 
microprocessor. This has caused few problems of software incompatibility 
because software for the 8080 and 8085 microprocessors is upwards 
compatible with the Z80 which uses the instruction set of the 8080 
augmented by an extra eighty instructions. Included within these extra 
instructions are more powerful input/output instructions. The Z80 has the 
further advantage of executing instructions slightly faster than the 8080
1 57
microprocessor.
The microcomputer contains four commercial boards and two boards built 
specially for control of the measurement system (see figure 6.1 ). The 
commercial boards are: a Z80 central processor unit which as well as 
providing the usual power-on jump circuitry also provides a serial port, a 
64 kilobyte random-access memory board, a floppy disc controller, and an 
input/output board. The floppy disc controller supports two double-sided, 
double-density, 5^" floppy disc drives which provide a total storage 
capacity of 560 kilobytes. The serial port on the processor board is used 
exclusively for console input and output and this frees the two serial 
ports on the input/output board for communication with printers and other 
computers. At present no use is made of the input/output boards other 
facilities which include parallel ports and interval timers. A more full 
description of the microcomputer's boards may be found in appendix 6.
6.2 The Microcomputer Hardware Environment.
The microcomputer may be connected via V24 serial links to the 
University of Surrey’s PRIME computer network and to a microcomputer 
software-development system which also has a connection to the PRIME 
network (see figure 6.2). The software-development system is an S100 bus 
system using a ZSO microprocessor and having 64 kilobytes of random-access 
memory. In these respects it is identical to the measurement system's 
microcomputer even though these facilities are implemented by different 
computer boards. The two systems also have identical operating systems. 
However the software-development system has a hard disc drive rather than 
5^" floppy disc drives which gives it a much greater storage capacity and 
faster disc access time. The software development system also has a wider
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range of software tools available on it than on the measurement system’s 
microcomputer which is in keeping with its principle role of program 
development. The software development system's secondary roles are as a 
backing store for software and as a store for large batches of data 
collected by the measurement system.
The PRIME computer network, which is the university's main computing 
facility, comprises seven PRIME computers connected together by a high 
speed data link known as PRIMENET. The measurement system's microcomputer 
can be interfaced to two of these PRIME computers: a PRIME 750 known as 
SYSC which is supported by the university, and a PRIME 550 known as SYPE 
which is supported by the Science and Engineering Research Council. These 
computers are both used for performing limited supervisory control of the 
measurement system and for processing data from it. The measurement system 
has been designed to minimise its dependence on hardware and software 
features specific to the PRIME network.
6.3 The Microcomputer Software Environment.
The microcomputer is equipped with a CP/M 2.2 operating system which 
provides a comprehensive file management package for the two floppy disc 
drives. All programs running on the microcomputer are loaded from the disc 
drives by the operating system and pass control to a bootstrap loader when 
they terminate. The bootstrap loader reloads CP/M. Almost all programs 
leave part of the operating system within the computer memory whilst they 
are running because all transfers of data to and from the disc drives are 
performed by CP/M and most programs also use it to perform console input 
and output. However all other input and output is performed by programs 
directly accessing the relevant peripheral. When all of the parts of the
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operating system which are necessary for disc operations are present in the 
computer memory there are 52 kilobytes of memory remaining for use by a 
program. This remaining memory is called the transient program area. Into 
this area a variety of software may be loaded to perform tasks such as 
assembling, editing, and debugging programs, transferring data between 
computers, and controlling the measurement system.
There are three distinct software packages which allow communication 
between the measurement system's microcomputer and other computers. They 
are: BSTAM, FTP, and the measurement-system-control-program. The first of 
these is a commercial software package, the second was written by Surrey 
University’s Computing Unit, and the last is a program written in assembly 
language specially for the measurement system. The BSTAM software package 
is a file transfer program designed for moving data between microcomputers 
which have CP/M operating systems. This software, which is a product of 
Byrom Software Telecommunications, forms the link between the measurement 
system's microcomputer and the software development system. When using 
BSTAM the two computers are connected together via serial ports which are 
not used for console communications and both computers operate 
autonomously. This is in contrast to FTP which is a file transfer package 
used to send data to and from the PRIME network. When using FTP the 
microcomputer is connected to the PRIME via a V24 link which is normally 
connected to a console and the operator only directly interacts with the 
microcomputer. A similar communication arrangement is used by the 
measurement-system-control-program.
Although the FTP software package is based on a network-independent 
file-transfer protocol developed by the National Physical Laboratory, it is 
highly machine dependent and cannot be used with SYPE of the PRIME network.
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For this reason it was decided to restrict its use to that of program 
development and write machine-independent software which would permit the 
microcomputer to be attached to a variety of remote computers. This 
software package, of which the measurement-system-control-program forms the 
microcomputer-based part, relies only on the remote computers having 
suitable V24 console connections and of being capable of running standard 
F0RTRAN77 programs. The measurement-system-control-program and the related 
programs written in F0RTRAN77 are described in section 6.6 and listed in 
appendix 3*
All of the software which was developed to run on the microcomputer 
was written in Z80 assembly language because much of it is heavily 
dependent on the design of the interface to the measurement system and it 
is desirable to have as much random-access-memory as possible available for 
storing data. Hence neither programs written entirely in a high level 
language nor high level language programs which use a small number of 
assembly language routines were suitable. The assembler used was 
Microsoft's MACRO-80. This assembler is able to produce relocatable code 
which allows programs to be easily segmented and those sections of the 
raeasurement-system-control-program which might prove to be useful in other 
applications were all written as separate modules.
6.4 Interfacing the Microcomputer to the Measurement System.
The interface between the measurement system and its microcomputer has 
two principle functions; firstly, it allows the computers to supervise the 
measurement system's control, and secondly it provides a means of 
transferring robot-position-measurement data to the microcomputer. The 
interface also performs the following secondary functions: acquisition of
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data from the calibration device which provides an independent check on the 
measurement system's accuracy, and giving the microcomputer access to 
status and control lines which may be linked to external equipment such as 
a robot under test. Part of the digital electronic circuit which performs 
these functions is resident within the measurement system and the rest 
forms part of the microcomputer.
During the course of the measurement system's development, its 
interface to the microcomputer underwent a major re-design which coincided 
with the substantial modification of the data-acquisition circuitry. It is 
likely that this re-design would have been more difficult if there had been 
a greater degree of integration of the measurement system and its 
microcomputer. Further modifications (on a more modest scale) are 
envisaged when the measurement system is extended to permit three 
dimensional position measurements.
The original interface consisted of a single wire-wrapped S100 bus 
board with parallel data connections linked directly to the various 
elements of the measurement system electronics. This board was completely 
passive in its handling of the computer bus; it did not cause the 
microprocessor to pause whilst it responded to input or output instructions 
and it was unable to generate interrupt requests. Thus control of the 
measurement system was effected by reading the input to status ports and 
explicitly setting control lines using output instructions. Although this 
interface structure gave the microcomputer access to the measurement 
system's facilities there were forty three data lines connecting the system 
to the interface and a large number of instructions had to be executed by 
the microprocessor to complete the acquisition of each data sample. After 
construction and evaluation of this interface, it became clear that if a
similarly designed interface were used when the measurement system was 
extended to include a second laser-tracking sub-system then it would result 
in an unnecessarily large number of connecting cables and (more 
importantly) the speed of data acquisition would be severely restricted. 
These considerations prompted the re-design of the interface.
The design of the present interface is based on the structure of the 
interconnection between the computer and the measurement system shown in 
figure 6.3« This interconnection consists of four "hand shake" lines, four 
address lines, an eight-bit bi-directional data bus, and two special signal 
lines which are connected to the microcomputer's clock board rather than to 
the interface. One of these special lines (sample/hold) is activated by 
the computer to initiate a data acquisition cycle and the other (buffer 
filled) is activated by the measurement system to indicate that the cycle 
has been completed. When the measurement system is extended to permit 
three-dimensional position measurement, it is envisaged that each of the 
laser-tracking sub-systems will be linked to the microcomputer by a 
similarly structured cable. However, when there are two sub-system, there 
will be a greater distance between the the part of the interface which is 
resident within the computer and the parts resident within the measurement 
system. This will make the present use of TTL logic levels for the cable 
signals inappropriate; so line drivers and receivers will have to be used 
and this will necessitate the separation of the eight-bit bi-directional 
data bus into two groups of eight data lines.
The interface responds when the microprocessor executes an input 
instruction which refers to one one of sixteen consecutive microcomputer 
port addresses or when it executes an output instruction which refers to 
one of the eight highest of such addresses. Of these eight output ports
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only the four highest are useful; the other four are reserved for future 
expansion of the interface and may not be use by other boards within the 
microcomputer. Each time the microprocessor performs input or output to 
the interface the four address lines of the interconnection to the 
measurement system determines which data is transferred. Normally these 
address lines are the same as the least significant four bits of the 
input/output instruction's port address. However when there is an input 
from the port with the lowest address to which the interface responds then 
the contents of a four-bit binary counter is loaded onto the address lines 
and this counter's contents is incremented at the completion of the 
instruction. Thus executing sixteen inputs from this port will give the 
microcomputer all of the data which may be received by the interface. The 
counter is reset to zero when there is an input from one of the interface 
board’s other fifteen ports. This feature of the interface has been 
provided to take advantage of the 280 microprocessor's block input 
instructions ("IND", "INDR", "INI", and "INIR"). These instructions allow 
data to be rapidly transferred from the measurement system into the 
microcomputer's memory.
To avoid the previous interface's need to test the value of a status 
port to determine whether it is appropriate to perform input or output to a 
particular data port the present interface uses a "hand shake" procedure. 
In other words, part of the interface's response to an input or output 
instruction is to activate a control line which requests data to be 
transferred to or from the measurement system. This signal is replied to 
by the section of the interface which is resident within the measurement 
system by activating another control line after completion of some action. 
Once the microcomputer-resident part of the interface recognises this reply 
it completes the data transfer. To give sufficient time for the above
sequence of events, the activities of the microprocessor are suspended by- 
lowering its "wait" line. This data transfer protocol has the advantage 
that the contents of the data lines do not have to be stable prior to 
executing an input/output instruction. Although this results in the 
input/output instructions having longer execution times, fewer such 
instructions are required to transfer the same quantity of data. One 
disadvantage of using a "hand shake" procedure is that if the part of the 
interface resident within the measurement system is not connected to the 
microcomputer or not switched on when a data transfer is requested then the 
microcomputer’s activities will be suspended until the computer’s reset 
button is pressed.
A full description of both the microcomputer-resident and measurement- 
system-resident interface circuitry is given in appendix 7* This appendix 
also gives a more detailed explanation of the data transfer protocol and 
describes the use of each of the interface’s input/output ports.
6.5 The Microcomputer’s Clock Board.
It is important that the time interval between the acquisition of 
successive data samples by the measurement system is constant. If it is 
not then the data collected suffers from a temporal indeterminacy which 
tends to restrict the system’s capacity to perform dynamic measurements. 
Most commercial clock boards which are available for the S100 computer bus 
are only capable of generating an interrupt request at constant intervals 
and this request is only accepted by the microprocessor at particular 
points within its instruction execution cycle. If such a computer board is 
used to initiate an interrupt service routine which acquires data from the 
measurement system then the time intervals between successive data samples
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can vary by as much as the duration of the microcomputers longest 
instruction. This may be a substantial delay if the interrupted 
instruction precipitates the insertion of wait states into its execution 
cycle. Instructions of this type are executed when the microcomputer 
performs input or output to either the floppy-disc controller or the 
measurement system.
The clock board which was used with the original interface between the 
microcomputer and the measurement system suffered from the above 
disadvantage. To avoid this problem and to gain a better clock resolution, 
a new clock board was designed in conjunction with the re-design of the 
interface. The control line which initiates a data acquisition cycle (the 
sample/hold line) is now connected directly to the new clock and, when the 
control register of the clock is appropriately set, this line is raised 
simultaneously with the generation of an interrupt request. Thus 
variations in the data acquisition cycle time are only dependent on the 
stability of the clock’s crystal oscillator and the variation of 
propagation delays within a small number of TTL packages.
The present clock board contains a twenty four bit counter which 
(provided the clock is enabled) is decremented every eight microseconds. 
When the count reaches zero, certain actions which are determined by the 
clock's control register are initiated and the counter is re-loaded with 
the contents of three eight-bit clock data registers. This allows the time 
interval between the acquisition of successive data samples to be set by a 
program to any value up to two minutes with a resolution of eight 
microseconds. If a longer data acquisition cycle time is required then the 
clock may be run with a cycle time of less than two minutes and some data 
samples ignored (for example, a three minute cycle time may be obtained by
using a one and a half minute cycle time and ignoring alternate samples). 
However, no computer software which selectively ignores clock interrupts 
has been written because the computer program used at present for the 
control of the measurement system is able to collect batches of up to two 
thousand and forty eight samples without operator intervention. It would 
take more than three days to collect that number of samples at the maximum 
clock cycle time.
The eight microsecond clock resolution is considerably better than 
that which could be achieved using the original clock board. Although 
latches oh the original board could be set so as to cause it to interrupt 
the processor at one hundred microsecond intervals, in practice only a one 
millisecond interrupt resolution was obtainable. This was because one 
hundred microseconds is insufficient time to collect all of the necessary 
data from the measurement system and interrupts occurring during data 
acquisition reduce its accuracy by increasing the time between sampling a 
signal and converting it to digital form.
By selectively setting and resetting the individual bits of the clock 
control register, the clock board may be programmed to perform a variety of 
actions. For example, the clock board need not necessarily generate an 
interrupt request each time the acquisition of a data sample is initiated. 
It may delay the interrupt request until the sample’s acquisition is 
complete and so avoid the need to repeatedly test the "buffer filled" line 
before transferring the data from the measurement system to the 
microcomputer. A complete description of the clock board and its various 
modes of operation is given in appendix 8.
6.6 The Software for Control of the Measurement System.
The software developed for the measurement system's microcomputer 
carries out a variety of functions including: data acquisition, measurement 
system control, and linking the measurement system to a remote computer. 
Rather than use several separate programs to perform these functions a 
single program, called the measurement-system-contro 1-program, performs 
them all. This program has the disadvantage of occupying a substantial 
part of the computer's memory (20 kilobytes) but it is able both to switch 
between various activities in an orderly manner and combine different 
functions. For example, communication with the remote computer may be 
combined with control of the measurement system. It is hoped that in 
future the measurement-system-contro 1-program's memory requirements may be 
reduced by using overlay programming techniques. The implementation of 
such an alteration to the program would be relatively straight forward 
because the program already possesses a modular structure and advantage 
could be taken of the CP/M operating system's disc file management 
facilities.
The reason for wishing to minimise the measurement-system-control- 
program's memory requirements is that data cannot be transferred from the 
computer memory to the floppy-disc drives whilst data acquisition is in 
progress. This is the most serious limitation of the present configuration 
of the microcomputer and its interface to the measurement system. It 
results from the computers floppy-disc controller board forcing wait states 
onto the computer bus during which time the system is unable to receive the 
interrupts generated by the measurement system interface. This causes data 
to be lost when the time interval between acquiring successive data samples 
is short and it is likely that large numbers of data samples will most
frequently be needed in this situation. When the measurement system is 
extended to include two measurement subsystems this problem will be 
exacerbated because each data sample will then occupy more memory.
Two further alterations to the measurement-system-control-program are 
envisaged. The first of these is changing the method by which the program 
interacts with the remote computer. When the program was first written it 
was considered desirable that the microcomputer responded immediately to 
each character received from the remote computer and because of this the 
program initialises the input/output board so that it generates an 
interrupt when such an event occurs. However this results in the program 
being very dependent on the specific input/output board and being more 
complex than necessary. As there are only a few sections of the program’s 
code where a character can usefully be accepted from the remote computer it 
would be possible for this code to interrogate the input/output board to 
see whether a character has been received and to dispense with interrupts.
The other envisaged alteration of the measurement-system-control- 
program is the collection of all of the code which refers to the 
input/output board and the console into two separate modules so that the 
program can be readily adapted to run on a different S100 bus microcomputer 
which has a CP/M operating system. This facility may be important if the 
problem of the floppy disc controller forcing wait states onto the computer 
bus is to be avoided and will also be useful when developing a commercial 
version of the measurement system.
The measurement-system-control-program has been designed to interact 
with the operator in a manner which is similar to that used by the PRIME 
computer's PRIMOS operating system. The format in which PRIMOS expects to
169
receive commands is more suitable for controlling the measurement system 
than that used by the microcomputer's CP/M operating system because it is 
tolerant of command abbreviations and superfluous space characters and 
readily accepts a wide variety parameter forms. Many of the commands 
available result from the form in which the program collects and stores 
sets of data samples obtained from the measurement system.
Each sample or data point which the microcomputer receives from the 
measurement system includes simultaneous measurements of the outputs from 
the optical scanner position transducers, photodiode quadrant detector, and 
calibration system as well as the values of the measurement system status 
lines and external status lines. Sets of such data points are referred to 
as data fields and within any such set the time interval between successive 
data points is constant.
Associated with each data field are four parameters: its length, the 
sample rate, the rate multiplier, and an identifying label. The length of 
a data field is the number of data points which it contains. It is a 
number in the range zero to two thousand and forty eight (0 to 800 
hexadecimal). The upper bound on the length reflects the size the micro­
computer's transient program area and would have to be reduced if the 
program were adapted to run on a computer system with less random access 
memory. The product of the sample rate and the rate multiplier is the time
interval between successive data points of the data field in units of one
27micro-second. This product must be less than 2 and also be divisible by 
eight because the micro-computers real time clock contains a 24 bit counter 
and has a resolution of eight micro-seconds. The last parameter associated 
with each data field is an eight character identifying label which is of no 
significance to the computer. It only serves to help the operator
distinguish between data fields and may be left blank if so desired.
The measurement-system-control-program may be summoned by typing 
"MSCP" in response to the microcomputer's normal CP/M command prompt. Once 
the program has been loaded into the microcomputer's transient program area 
it initialises the computer and prints a sign-on message giving the program 
name and version number. Following this it enters executive-mode. This is 
one of four modes of the program's operation each of which are described 
below. In the following description all references to ASCII control 
characters which the program uses are shown enclosed in triangular 
brackets. Thus "<Cntrl P>" denotes the ASCII character represented by the 
hexadecimal number 50 and "<RETURN>" denotes the character represented by 
the hexadecimal number OD.
6.6.1 Executive-mode.
Executive-mode provides an organised means of switching between the 
other three control modes, and of returning control to the operating 
system. Within the mode there is also a command available to set the baud 
rate of the data line connecting the microcomputer to a remote computer 
system. Once executive-mode has been initiated by the operator the program 
will prompt for a command with "(Executive)? ". The operator then has the
option of entering PR1 ME-communication-mode by pressing <Cntrl P> or may
type any of the commands shown in table 6.1. All of these commands may be
preceded by spaces and may be abbreviated to as few characters as are
needed for the command to be unambiguous.
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Table 6.1 Executive-Mode Commands.
Command Action
EXIT 
BAUD n
LOCAL
PRIME or PRIME
6*6.2 Local-control-mode*
Direct control of the measurement system without recourse to the 
remote computer may be obtained by using the "LOCAL" command to switch from 
executive-mode to local-control-mode. Within this control mode the 
operator has twenty commands at his disposal with which he may access the 
measurement system's facilities. These commands enable the operator to 
create and examine data fields and their parameters, to transfer data 
fields between the computer's memory and floppy disc drives, to set and 
examine the status and control lines, to manipulate the non-tracking laser 
beam positions, and to return to executive level. The measurement-system- 
contro 1-program will prompt for each command with "(Local)? ". Some of the 
commands, which may be abbreviated to as few characters as are needed to 
distinguish them from other commands, may need to be followed by 
parameters. These parameters must be separated from the command and from 
each other by either a sequence of spaces or by a single comma which may 
optionally be preceded or followed by spaces. If a parameter is to include 
either a comma or a space then.it must be enclosed within single quote 
characters. Parameters which are numbers are normally entered as strings 
of decimal digits although hexadecimal or binary digits may be used if the 
number is prefixed by "H" or "B" respectively.
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Return control to the operating system.
Set the baud rate of the PR1ME/microcomputer data 
connection to n where n is either 110, 150, 500, 1200, 
2400, 4800, or 9600.
Cause the program to enter local-control-mode.
Cause the program to enter PR1ME-contro1-mode.
Setting and displaying the data field parameters when in local- 
control-mode is accomplished by using the "RATE", "SIZE", "NAME", and 
"INFO" commands. The "RATE" command is used to alter the sampling 
interval. It may optionally be followed by either one or two parameters. 
The first of these parameters, if present, is interpreted as the sample 
rate and the second, if present, as the rate multiplier. Alterations to 
the length of the data field and its identifying label may be made using 
the "SIZE" and "NAME" commands respectively. Each of these commands may 
have a single optional parameter the value of which, if present, is the new 
value of the relevant data field parameter. If any of the above commands 
are used without command-line parameters then the current values of the 
data-field parameters are displayed. These values may also be displayed by 
issuing the "INFO" command which must not be followed by parameters. For 
example:-
(Local)? RATE 500 8
Sample interval = 500 x 8 micro-seconds.
(Local)? RATE
Sample interval = 500 x 8 micro-seconds.
(Local)? RATE 100
Sample interval = 100 x 8 micro-seconds,
(Local)? SIZE h800 
Number of samples = 204-8 
(Local)? NAME * TEST ONE*
Data field name - TEST ONE -
(Local)? INFO
Data field name = TEST ONE
Number of samples = 2048
Sample interval = 100 x 8 micro-seconds.
(Local)?
In all the examples of this section text typed by the operator is shown 
underlined for clarity.
Once the data field parameters have been set the field itself may be 
created using the "CREATE" command. This command takes data samples from
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the measurement system at the specified sample rate and terminates when 
either the data field is full or the operator aborts the creation by 
pressing <Cntrl A>. If the command is given without a parameter then it 
creates the data field regardless of the state of the measurement system 
control lines. However if the command is followed by the parameter "BOD” 
then the creation is delayed until the beam-on-detector line goes high and 
is aborted if it subsequently goes low before the data field is full. If 
the creation of the data field commences prior to being aborted then its 
parameters are adjusted to reflect the number of samples taken. For 
example:-
(Local)? SI-ZE 
Number of samples = 2048 
(Local)? CREATE BOD 
Data collection aborted.
Number of samples = 1829 
(Local)?
The command to allow examination of the data field is "DATA". This 
command requires a single numerical parameter. On receipt of this command 
the program displays the contents of the data sample pointed to by the 
parameter as a set of eight four-digit hexadecimal numbers preceded by a 
decimal number and followed by a question mark. In response to the 
question mark the operator may press <RETURN> to display the next data 
sample, type followed by <RETURN> to terminate the command, or enter a 
number to display any other data sample. The first of the nine numbers 
displayed for each sample is its entry number which starts at 1 for the 
first sample and increases by one for each successive sample. The 
following six numbers are the result of digitising the outputs from the 
optical scanners and photo-diode quadrant detector. The penultimate number 
displayed is the output from the Acu-rite Miniscale and the final number
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gives the values of the internal and external status at the time when the 
sample was taken. (The Acu-rite Miniscale forms part of a calibration 
device which is described below.) Although the "DATA" command allows the 
operator complete freedom to examine data field samples at random any 
attempt to access data samples beyond the end of the data field will result 
in an error message. For example:-
(Local)? DATA 10
10: 74C7 B374 E3EB BDCD CD2F CD21 E15B FFFF ?
11: 7519 B399 E5FD B92F C9AF D4b1 31 5B FFFF ?
12: 74CD B3DF E1D7 BA07 CEB7 D1D5 E15B FFFF ?34
34: 754D B37D E743 BC5D C87F CF8F E1 53 FFFF ?
35: 753F B3E9 E697 BA8D C8EF D1E3 E15B FFFF ?^
(Local)? DATA hFFFF
End of data field = 1024
(Local)?
The current values of the status and control lines may be displayed 
using the "STATUS" command or by issuing any of the commands "ENABLE", 
"DISABLE", or "CONTROL". The first two of these commands respectively 
raise and lower the tracking-enable control line and may be used by the 
operator to determine whether the laser beam tracks the target attached to 
the arm of the industrial robot or whether its position is the result of 
the external inputs to the controller electronics. The "CONTROL" command 
changes the values of the eight external control lines. It requires a 
single parameter which must be a number between zero and 255» Below are 
shown examples of these commands. Also shown is the "EXIT" command which 
may be used to engender a return to executive mode.
(Local)? STATUS
Tracking computer determined: YES 
Tracking enabled by computer: YES 
System tracking target : YES
Laser beam on detector : YES
External status : FF 
(Local)? DISABLE
Tracking computer determined: YES 
Tracking enabled by computer: NO 
System tracking target : NO
Laser beam on detector : NO
External status : PF 
(Local)? ENABLE
Tracking computer determined: YES 
Tracking enabled by computer: YES 
System tracking target : NO
Laser beam on detector : NO
External status : FF 
(Local)? CONTROL h80 
Tracking computer determined: YES 
Tracking enabled by computer: YES 
System tracking target : NO
Laser beam on detector : NO
External status : FF
(Local)? EXIT —  Returning to executive mode. 
(Executive)?
The measurement-system-control-program maintains a list of sixteen 
positions of the laser beam. Each entry in the list consists of two eight- 
bit numbers and one entry is designated as "active". The data of the 
active entry is the input to the two digital-to-analog converters which 
determine the position of the laser beam whilst the measurement system is 
not tracking the target. There are three commands available in local- 
control-mode which are used for management of the list: "LIST", "MOVE", and 
"SET". The command "LIST", which must be issued without parameters, 
displays the list contents and indicates which entry is active. To 
activate a different entry "MOVE n" may be typed where "n" is the number of 
the entry and is between zero and fifteen. The "SET" command alters the 
contents of a list entry. It requires either one or three parameters. The 
first of which points to the entry. If a further two parameters are given 
then their values become the new contents of the entry. However, if only
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one parameter is given then the measurement-system-contro1-program enters 
an interactive mode where individual key-strokes have significance. 
Pressing <RETURN> cancels the interactive mode and returns the program to 
local-control-mode. Pressing "U", "D", "L", or "R" will raise the beam, 
lower the beam, move the beam to the left, and move the beam to the right 
respectively. The speed of beam movement may be altered by pressing "S" 
and "F". Usually, the former halves the speed and the latter doubles it, 
but there are sensible limits on the speed of beam movement. Any other 
key-stroke will stop the laser beam moving. The following listing shows 
examples of the "LIST", "MOVE", and "SET" commands but the interactive mode 
of the set command has not been included because that mode makes use of the 
console's ability to over-write previous output and not echo console input.
(Local)? MOVE 0 
0: H=80 V=80 
(Local)? SET 0 h83 h74 
(Local)? SET J_ h£7 hF6 
(Local)? MOVE 1
1: H=47 V=F6
(Local)? LIST
0: H=83 V=74
1: H=47 V=F6
2: H=80 V=80
3: H=80 V=80
4: H=80 V=80
5: H=80 V=80
6: H=80 V=80
7: H=80 V=80
8: H=80 V=80
9: H=80 V=80
10: H=80 V=80
11: H=80 V=80
12: H=80 V=80
13: H=80 V=80
14: H=80 V=80
15: H=80 V=80
(Local)?
The last six commands available to the operator whilst the program is 
operating in local-control-mode are all concerned with management of the
micro-computers floppy disc drives and with transferring data fields 
between the computer memory and its floppy disc drives. They are 
"DIRECTORY", "A:”, "B:", "ERASE", "DROP", and "LOAD". The first three of 
these commands have precisely the same effect as when they are issued at 
CP/M command level. The "DIRECTORY" command lists complete or partial disc 
directories and the "A:" and "B:" commands change the logged-in disc drive. 
Further information on these commands may be found in reference 48.
The "ERASE" command may be used to delete files from a disc directory 
to release space for subsequent data file creation. It may take an 
arbitrary number of parameters each of which should be an unambiguous CP/M 
file name. If the command is successfully completed then the programs only 
reply will be the prompt "(Local)? " but if a file name given by one of the 
command's parameters is incorrect or that file does not exist an error 
message will be given. To allow the creation of a data files the "SAVE" 
command is provided. This command will copy a data field from the 
computers memory to a data file on floppy disc which must not exist prior 
to using this command. Once onto disc the data field may be transferred 
back into the computers memory by using the "LOAD" command. Both of the 
commands "SAVE" and "LOAD" require a single parameter which must be an 
unambiguous CP/M file name. For the "SAVE" command this is the name of the 
data file created and for the "LOAD" command it is the name of the file 
containing the data field. For example:-
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(Local)? SAVE DATA2 
File already exists 
(Local)? SAVE B:DATA2.TMP 
(Local)? LOAD DATA2 
(Local)? INFO 
Data field name = JUNK 
Number of samples =100
Sample interval = 4 x 1000 micro-seconds.
(Local)? ERASE DATA2 
(Local)? LOAD B:DATA2.TMP 
(Local)? SAVE DATA2 
(Local)? ERASE B:DATA2.TMP 
(Local)? DIR
A: MSCP8 REL : MSCP8 COM : DATA2 : DATA REL
A: DATA MAC : MSCP8 MAC : LIBRARY REL
(Local)?
6.6.5 PR1 ME-control-mode.
Although local-control-mode provides all of the necessary commands 
for the operator to control acquisition of data from the measurement system 
there are many situations when similar sets of commands have to be executed 
repeatedly, Local-control-mode tends to be unsuitable in these situations 
because there is no procedure for creating multiple commands and each 
command must be completed before the next is entered by the operator. 
There is also no facility within this mode for transferring data produced 
by the system to the remote computer system for use in later computations. 
PR1 ME-control-mode satisfies each of these requirements by allowing a 
remote computer access to facilities similar to those available to the 
operator in local-control-mode.
Once this mode has been entered from executive mode by using the 
"PRIME" command any character typed by the operator apart from <Cntrl C> is 
sent to the remote computer and all characters received by the 
microcomputer from the remote system are displayed on the console. This 
situation is similar to connecting the console directly to the remote
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computer in full-duplex and as such all of the remote computers facilities 
are available to the operator. However there are sequences of characters, 
referred to below as 'PR1 ME-contro 1-mode prompt sequences', which when 
received from the remote computer system induce a response from the 
measurement-system-control-program. Such responses have an identical 
format to normal console input (i.e. a string of printable ASCII characters 
terminated by <RETURN>) and the remote system is unable to distinguish them 
from responses typed by the operator on the console keyboard. Each time a 
prompt sequence is received by the microcomputer a single response is given 
after completion of some action initiated by the prompt. If the sending of 
each prompt sequence is followed by a console read then the two computers 
enter into a dialogue. Between receiving a reply from the measurement- 
system-control-program and sending the next prompt sequence the remote 
computer may perform normal console input and output.
A valid PR1ME-contro1-mode prompt sequence consists of a string of 
printable ASCII characters terminated by a <RETURN> CLINE FEED> sequence. 
Within the string the character pair "<[" followed first by up to forty 
printable characters and then by "]>" must occur. A character sequence of 
this form may be sent to the console by a computer program written in 
virtually any high level programming language. All characters preceding 
"<" and following ">" are ignored by the measurement-system-control-program 
but the characters between the pairs of brackets are interpreted as a 
command. Consider, for example, the following extracts from a F0RTRAN77 
program:-
1 SO
PROGRAM EXMPL1 
INTEGER I
CHARACTER FNAME*18,REPLY*6,BUFF*27 
•
•
1 WRITE (*,'("Name of file to be erased ? " ) ,)
READ (V(A18)') FNAME 
I=MAX(INDEX(FNAME,’ ')-1,1 )
BUFF=’<[ERASE '//FNAME(1:I)//']> ’
WRITE ( V  (A27, ’ 'Attempting to erase file.” )’) BUFF 
READ (*,'(6X,A6)1) REPLY 
IF(REPLY.EQ.’ERASED’) THEN
WRITE (*,'("The file has been erased.
ELSE
WRITE ( V  ("Unable to erase file !")')
GO TO 1
END IF
If this program is run on the remote computer system whilst the 
microcomputer is operating in PR1ME-control-mode then the following 
exchanges between the computers and the operator might take place:-
Name of file to be erased ?
A:TRST1.TMP
<[ERASE A:TRST1.TMP]> Attempting to erase file.
*ERROR*
Unable to erase file !
Name of file to be erased ?
A;TEST1.TMP
<[eR:A:TEST1.TMP]> Attempting to erase file.
♦FILE ERASED^
The file has been erased.
In this example the text that is generated by the microcomputer is shown in 
a bold type face. It may be seen from this example that the programmer may 
make full use of the control structures and input/output facilities 
available within the remote computer's programming language to rapidly 
develop simple, well-structured procedures for controlling the measurement 
system. However, to give a further simplification of program development, 
a set of F0RTRAN77 subroutines have been 'written which generate the PR1ME-
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control-mode prompt sequences and decode the measurement-system-contro1- 
program’s replies to them. Using one of these subroutines, which are 
listed in appendix 3, the above extracts from a program could be rewritten
PROGRAM EXMPL2 
LOGICAL FAIL 
CHARACTER FNAME*K
1 WRITE (*,’(”  (Name of file to be erased ?'*)#) 
READ (V(A14)') FNAME 
CALL ERASE(FNAME,FAIL)
IF (.NOT.FAIL) THEN
WRITE ( V C ' T h e  file has been erased.")’)
ELSE
WRITE (*,'("Unable to erase file !")') 
GOTO 1 
END IF
The exchanges between the computers and the operator would be the same 
as in the previous example except for the comment ’’Attempting to erase 
file” which would no longer be output from the remote computer. The 
subroutines are particularly useful in those situations when numbers in 
hexadecimal format are transferred from one computer to another because the 
subroutines perform the conversion between character representations of 
hexadecimal numbers and FORTRAN variables of type INTEGER.
6.6.4 PS1 ME-communication-mode.
PR1 ME-communication-mode, which may be entered from executive-mode by 
pressing <Cntrl P>, allows direct communication with the remote computer 
system. Whilst in this mode the operator has full access to all of the 
remote systems facilities including the use of any control code as keyboard
input apart from <Cntrl C>; this latter code engenders a return to 
executive-mode. The principal use of this mode is in situations when 
replies from the measurement-system-control-program to valid PR1 ME-contro 1- 
mode prompt sequences are unwelcome (e.g. when listing the source code of 
programs intended for use in PR1 ME-contro 1-mode). The need to use PR1ME- 
communication-mode seldom arises except when developing programs for use in 
PR1ME-contro1-mode.
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CHAPTER 7
TESTING AND CALIBRATION OF THE MEASUREMENT INSTRUMENT
7-, TESTING AND CALIBRATION OF THE MEASUREMENT INSTRUMENT.
It is not practical for the measurement system to assess its own 
performance so some form of independent check is essential for the testing 
and calibration of the instrument* Without such a check, only instrument 
parameters such as static repeatability can be determined. However as both 
sub-systems of the measurement instrument are identical, a prototype of 
only one has been constructed so far. Thus the problem of calibration and 
testing reduces to one of knowing the trajectory of the target with respect 
to the sub-system's reference frame independently of the outputs of that 
sub-system. Nevertheless, as soon as the second prototype instrument with 
two measurement sub-systems has been completed (refer to chapter 8), then 
it will also be necessary to determine the relative position and 
orientation of the sub-systems. This latter problem will also arise when 
using the final measurement system in actual applications.
To date, two means of moving the target during calibration and testing
have been used. To move a target along a known path, a calibration device
(also known as the "target-positioning device") has been built. This
device only gives straight line motion but, as the position of the target
is accurately known even when it is moving and the device can be
arbitrarily placed within the measuring volume of the sub-system, the
device can be used to test the measurement system in a variety of
situations. The other means of moving the target is by robot. Tests using
the robot were considered necessary to demonstrate the ability of the
system to follow target movements of the type which might readily be
encountered when using the instrument in shop-floor situations. However,
only the robot's end effector positions which were taught during
programming were determined independently of the measurement instrument.
/
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Thus no comparison of actual path and that determined by the measurement 
instrument can be made. Nevertheless, tests using the target-positioning 
device indicate that the difference between the paths are unlikely to be 
more than a few millimetres so deductions concerning the speed of gross 
movement of the target can be made.
7«1 The Target-Positioning Device*
The device for moving the target along a straight line consists of a 
carriage which is moved along a linear bearing by a D.C. motor coupled 
directly to a lead screw with a large pitch angle (see figure 7.1 )• This 
gives rapid motion but is only able to crudely position the target. 
However, a precision linear displacement transducer of the type used on 
machine tables is fitted so that, even when the carriage is moving, its 
position is known to 0.02mm. The outputs of the position transducer (an 
Acu-Rite Miniscale manufactured by Bausch and Lomb) are two TTL signals in ' 
quadrature which are connected to a fast up/down synchronous counter. For 
the control of the target-positioning device, the eight most significant 
bits of the counter's output are used to provide position feedback and and 
a tachometer on the motor gives velocity feedback. The position resolution 
of the device is 5*1.2mm because the counter has a sixteen-bit parallel 
output. To enable a large gain to be used to give a fast response despite 
the low resolution, a dead band has been introduced into the controller to 
stabilise the system. (The electronic circuitry of the target-positioning 
device's controller is described in appendix 9»)
The counter used in conjunction with the displacement transducer was 
one designed and constructed specially for the measurement system rather 
than the one which can be supplied by the manufacturer of the transducer.
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This was because it forms an integral part of the target positioning 
device's controller and also because its output must be recorded by the 
measurement instrument's data acquisition system simultaneously with the 
recording of the optical scanner and quadrant detector outputs. To satisfy 
the latter requirement, the output of the counter forms the input to a 
latch whose output can be frozen by the raising of the data acquisition 
system's "sample/hold" control line. Currently the software and hardware 
required for this operation is specific to the target positioning device, 
but it is hoped that, in future, it may be made more general so that it can 
be used to record various aspects of a robot's state in conjunction with 
measurement of its position.
7*2 The Robot Used for Testing the Measurement Instrument.
The robot used in the experiments described below is a prototype of 
the "Placemate" industrial robot which is now being manufactured by Pendar 
Robotics Ltd. (see figure 7.2). This robot was designed and built at the 
University of Surrey; the research being conducted by Professor Paul Drasan 
and Mr Mike Jeffery (this work is described in reference 49 )• The robot is 
a pneumatic, three degrees-of-freedom device with a point-to-point 
controller based on an 8080 microprocessor.
The novel feature of the robot is the use of on/off valves rather than 
proportional ones. This considerably reduces the cost of the machine but 
requires careful adjustment of the control parameters to ensure adequate 
performance. Such adjustments were not made to the robot under test and 
therefore the results obtained should not be considered representative of 
those which may be obtained using commercial versions of the robot. In 
addition, because of the nature of the control, the path of the end
effector when moving towards a particular taught point in a work cycle may 
not always he similar. This is due to slight fluctuations in conditions 
influencing the times of valve opening and closing which may cause 
substantial differences in trajectory.
7«3 Finding the Location of the Target-Positioning Device With Respect 
to the Measurement Instrument's Reference Frame.
Before each set of experiments described below, the position of the 
measurement sub-system, target positioning device, and target were measured 
using a theodolite. A sighting of each of several points on the pieces of 
equipment was taken from two theodolite positions and their position co­
ordinates calculated. This work was carried out by Mr Rene Mayer using a 
technique to relate the theodolite reference frames which is similar to 
that employed by Renault when using a theodolite to measure robot position. 
The method avoids certain sources of theodolite inaccuracy which are 
exacerbated by taking sightings of points that are very close. Once the 
co-ordinates have been determined with respect to an arbitrary frame of 
reference defined by one of the theodolites, it is then necessary to find 
the transformations between that reference frame and the ones defined by 
the target positioning device and measurement sub-system.
The points measured by theodolite on the target positioning device and 
on the sub-system form two groups. Within each group, the points are fixed 
with respect to each other and are sufficiently close together to be 
measured by normal workshop metrology methods. Thus the co-ordinates of 
each set of points with respect to the reference frame of the equipment to 
which they relate can be measured. As a result, the problem of relating 
the reference frames is equivalent to finding transformations which convert
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the co-ordinates of a set of points in one reference frame into those of a 
second reference frame. Clearly it is advantageous to measure more points 
than is strictly necessary and then find the transformation which gives the 
best fit.
If the points measured in the sub-system's reference frame are p^ and 
q^ are the corresponding points measured by the theodolite, then the sum of 
the squares of the distances between the points is
s = s“=1(pi - [Kq± + d])2 (7.1)
where E is a rotation matrix, d is a displacement vector, and m is the 
number of points. By differentiating this equation with respect to the 
components of d and setting the resultant expressions equal to zero, the 
following equation may be derived
i = i2i=i(£i - <7-2>
This may be used to find the translation vector which minimises S for a 
given value of the rotation matrix. The derivatives of equation 7*1 with 
respect to the Euler angles $. (j=1,2,3) are
II. = - - [R3i + 53)-If,a i  (7.3)
J J
It is not possible to•set equation 7*3 to zero, eliminate d using equation 
7.2, and to solve for the Euler angles of the rotation matrix directly. 
However, if S is considered to be a function of only the Euler angles 
rather than a function of both the Euler angles and the components of the 
displacement vector then
1 9 2
3S
ai (7.4)
where q.
This equation can be used to numerically find the rotation matrix which 
minimises S by employing a gradient method because for any value of R a 
displacement vector can be calculated using equation 7.2 and the gradient 
with respect to the three Euler angles (the independent variables) is given 
by equation 7.4. A good first approximation for the Euler angle to 
commence the iteration can be calculated by selecting three of the measured 
points.
It is intended that a similar technique will be used when relating the 
positions of the two sub-systems of a full measurement instrument whilst it 
is in use. However, rather than use a theodolite it is desirable that the 
system is capable of calculating the relationship between its sub-systems 
using the outputs which are normally employed in the measurement of target 
position; thereby avoiding the necessity of using the instrument in 
conjunction with another measurement system. A calibration device will be 
required because the sub-systems would not usually be positioned so that 
each lies within the measurement volume of the other, (indeed, if they 
were so positioned, the volume in which the complete instrument could take 
measurements would be severely limited.)
If a calibration device which either has an array of fixed targets 
whose positions are known or is able to move a target to a series of known 
positions is placed in the instrument's measurement volume, then the system 
can collect sufficient information with which to calculate the sub-system 
positions. The data obtained from such an arrangement would be a set of
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points whose co-ordinates are known with respect to one reference frame 
(defined by the calibration device) and a set of lines on which they lie
with respect to a second reference frame (defined by the sub-system).
\
Calculating the transformation which minimises the distances between the 
points and the lines is similar to the above problem of determining the 
transformation which minimises the distances between two sets of points: 
once a rotation matrix is chosen, the displacement vector and gradient with 
respect to the Euler angles can be calculated directly. However, for the 
latter problem, there is no simple method of finding a good first 
approximation with which to start the iteration.
7*4 Calibration of the Optical Scanners.
To calibrate the optical scanners, the target positioning device was 
set up at an angle of 34° to the horizontal and at a distance of about 
three metres from the measurement sub-system (the positions of the 
equipment is shown in the plan view of the laboratory given in figure 7-3)• 
Sets of data were then recorded by the measurement instrument whilst the 
target was stationary at a series of points at approximately 40mm intervals 
along the length of the target positioning device. For each position, one 
thousand data samples were taken at a sample rate of 1kHz. Throughout the 
calibration procedure, the target was moved manually so as to avoid any 
drift of the target position due to the controller, and the data checked 
during processing to ensure that the output of the linear displacement 
transducer had remained constant.
By using equations 3*21 and 3*22 and assuming that the tracking errors 
were zero because the target was stationary at each point, the true values 
of the optical scanner rotations were calculated using the output of the
t
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linear displacement transducer and knowledge of the target-positioning 
device's location with respect to the measurement sub-system. Comparison 
of these values with the mean values of the corresponding analog-to-digital 
converter channel outputs shows that, as expected, the outputs of the 
optical scanner position transducers closely approximate to a linear 
function of mirror rotations. A least squares fit was used to find the co­
efficients of the linear function.
If ADC and ADC are the outputs of the analog-to-digital converter 
x z
which correspond to 8 and 8 respectively, and ADC and ADC are theirx z r J 9 x z
mean values, then the linear functions obtained by the least squares fit 
are
The difference in sign of the first co-efficient is due to the sense of the 
scanner shaft rotations being defined differently. These two functions and 
the difference between their values and the actual scanner rotations are 
given in figures 7.4 and 7.5 respectively. The graphs show that the 
departure from a linear relation is not purely random but, nevertheless, is 
quite small. However, the error can be reduced further by using a fourth 
order polynomial approximation (functions ? (ADC ) and P (ADC )) as shown
X  X  S 3
in figures 7*6 and 7.7. The use of a fourth rather than a lower or higher 
order polynomial to represent the function is a compromise between 
adequately represented the function and excessive "ripple".
The standard deviation of ADC and ADC for the above experiment were
x z r
10.0 and 32.3, and the corresponding angular rotations of the optical
L (ADC ) = 6.584x1 0‘6ADC + 1.023x10~2
X  X  X
(7.5)
(7.6)and L (ADC ) = - 6.423x10 ADC + 1.601 x10-2 z z z
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scanners obtained using equations 7«5 and 7«6 are 14 arc seconds and 43 arc 
seconds respectively. These are the standard deviations of the inaccuracy 
in measuring the optical scanner rotations. At a distance of 3»5metres 
from the sub-system, three times the standard deviations of the angles are 
equivalent to a target movement of 0.7mm horizontally and 2.2mm vertically 
which gives an overall position accuracy of approximately -+*2.3mm. The 
value is approximate because the true accuracy depends on the relative 
position of the measurement sub-systems and whether the horizontal and 
vertical errors are independent. In addition, the tracking error is not 
always zero whilst the target is stationary because the controller in 
continually correcting for noise and drift within the electronic circuitry. 
Thus part of the inaccuracy may be compensated for by using the outputs of 
the quadrant detector. However, tests have shown that the movement of the 
beam whilst the target is stationary correspond to only about 0.1mm at a 
range of 3*5m.
The differing precision of the optical scanners is due principally to 
the physical layout of the associated electronics of the measurement 
instrument; there are no differences in circuitry between the scanners. 
This implies that a standard deviation of 1 0.0 may be achieved for both 
optical scanner analog-to-digital converter channels giving an approximate 
overall accuracy of the measurement instrument of +1 mm which is ten times 
the desired value.
7.3 Examples of Robot Trajectories Recorded by the Measurement 
Instrument.
For the purpose of testing a single measurement sub-system, the base 
axis of the Placemate robot was locked so that the end effector had only
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two degrees of freedom and was constrained to move in a vertical plane. 
The position of this plane was determined by measuring with a theodolite 
the locations of the target at each of the taught points within the robot 
cycle and finding the plane closest to them. This necessitated moving the 
robot between recording the two sightings of each point because only one 
theodolite was available, and therefore the accuracy to which the plane 
could be located was affected by the repeatability of the robot (+1mm). 
The position of the plane with respect to the measurement sub-system is 
shown in figure 7-3»
Figure 7.8 shows the robot performing a continuous cycle consisting of
four taught points. The robot was programmed not to dwell after it had
reached a desired point so once a position had been achieved, it
immediately continued to the next. Approximately one and a half cycles
were measured at a sampling rate of 250Hz. Figure 7.9 shows the horizontal
and vertical displacements of the target as functions of time. These
figures were prepared by substituting the calculated values of the scanner
rotations, L (ADC ) and L (ADC ), into equation 3*16 to give the equation 
X X z z
of the laser beam's centre line, and then finding the intersection of this 
line with the plane of robot motion. The linear functions of the analog- 
to-digital converter outputs were used in preference to the fourth-order 
polynomial functions as these are likely to be more reliable outside of the 
range of rotations used to calibrate the optical scanners.
As can be seen in figures 7*3 and 7«9, the measurement system can 
adequately follow the movements of a robot whilst it performs a work cycle 
which includes rapid transients and speeds of over 1m/s. The measurement 
inaccuracy for the optical scanners is similar to that of the static 
Measurements used for their calibration, and, in particular, there is still
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a three-to-one ratio between the ranges of the vertical and horizontal 
errors. It should be noted that for the part of the robot cycle which was 
recorded twice, the trajectory of the target differed. Such behaviour is 
due to the nature of the robot controller as described above.
Figures 7*10 and 7.11 show a second set of robot trajectory data. The 
taught cycle was identical to that used in figures 7.8 and 7.9. However, 
initially the measurement system was not following the target movements and 
after tacking had commenced it was interrupted at a later point in the 
working cycle by a deliberately placed obstacle. This was a cardboard 
screen which concealed the target from the measurement system; thereby 
causing the instrument’s controller to switch to non-tracking mode and 
return to a pre-set position. The obstacle simulates a fixture or part of 
the robot arm which could obscure the target during the measurement of its 
position in a normal industrial situation. Whilst awaiting the target in 
non-tracking mode, the beam was not completely still because a 50Hz 
triangular-wave dither signal was superimposed upon the pre-set position. 
The broad line-width at the the beginning and end of the lines on the 
graphs in figure 7.11 are due to the dither.
Although some variation in robot end-effector trajectory between 
cycles is expected, the first half of the trajectory shown in figure 7-10 
and 7*11 is particularly unusual. Tracking mode was first initiated during 
a large amplitude oscillation of the robot arm but was lost shortly 
afterwards. However, tracking recommenced as the target once again passed 
through the plane of beam dither at a later 3tage of the oscillation. 
There is no clear reason for this loss of tracking and its circumstances 
could not be repeated; the speed of movement at that point was no greater 
than that encountered elsewhere in this or the previous robot trajectory,
and there was ample time for the controller's states to respond to the 
change of mode.
At each instance of the measurement instrument's controller switching 
from tracking to non-tracking mode it can be seen that the movement of the 
beam back to its pre-set position is very rapid. Indeed, the beam 
trajectory for this movement shown in figure 7.10 should only be considered 
to be an approximation as the sample rate (333Hz) was too low to record 
more than a few samples within its duration. There is no control of the 
shape of the trajectory immediately after tracking has finished: its form 
is dictated by the step response of the optical scanners because the change 
of mode corresponds to an almost instantaneous change of demand input.
7»6 Experiments Involving the Target-Positioning Device.
Unlike the robot when it has its base axis locked, the target attached 
to the target-positioning device does not define a plane in space but only 
a straight line; so, in order to plot data from experiments using the 
device, the intersection of the laser beam with a vertical plane through 
the line was used. The target motion along the device was resolved in the 
direction of motion and perpendicular to it. Ideally, the first of these 
components should be equal to the counter output of the target-positioning 
device multiplied by 0.02mm and the other should be zero.
Figure 7.12 shows the displacement of the laser beam and target in the 
direction of target motion and their difference as a function of time. The 
demand input to the target-positioning device's controller for this 
experiment was a 0.54Hz square wave giving motion with an approximately 
constant velocity of about 0.76m/s back and forth along the length of the
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device. As the ranges of mirror rotation were within that used to 
calibrate the optical scanners, the fourth-order polynomial approximations 
were used to calculate the laser beam position. It can be seen that for 
this speed the beam closely follows the movements of the target. The 
tracking error has a range of perhaps 1 mm but this is almost completely 
obscured by the noise on the signal. Because of the relative magnitudes of 
the tracking error and the inaccuracy of the signals, it is not yet 
possible to compensate for the tracking error by using the outputs of the 
quadrant detector.
The capture of the laser beam by a moving target is shown in figure 
7.13* At the start of sampling, the measurement system's controller was 
operating in non-tracking mode awaiting reflection of the laser beam back 
onto the detector by the target. The mean position of the beam was close 
to the trajectory of the target and a 50Hz dither signal was superimposed. 
Y/hen the target reached the plane of beam dither at approximately 0.25s 
after the start of sampling, the controller switched to tracking mode and 
the laser beam began to follow the target's movements.
It can be seen that the change of mode occurs rapidly at the first 
opportunity, and the 7mm difference between the line of target movement and 
the pre-set beam position is readily compensated for by the dither signal. 
The sampling rate for this experiment was 3.1 25kHz which is close to the 
maximum sampling rate that the data acquisition system can achieve.
The final set of data, which is plotted on the graphs of figure 7.1 4, 
shows a measurement cycle which is interrupted in a similar manor to that 
of figures 7*10 and 7.11. The obstacle was positioned so that it concealed 
the target as it reached approximately the centre of the target-positioning
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device's length of travel, and the pre-set beam position for non-tracking 
mode was about 60mm away from it. The input to the device's controller was 
a 0.56Hz square wave signal; however, the amplitude of motion was smaller 
than that used when collecting the data shown in figure 7.12 so the target 
came to rest at the extremes of travel. During the period of data 
acquisition, the target was twice lost behind the screen and tracking 
resumed once. The cycle used in this experiment could be repeated 
indefinitely.
\
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7»1 The Target-Positioning Device,
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7*2 The Prototype Placemate Industrial Robot.
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FURTHER WORK
8. FURTHER WORK.
To date, only one bench-mounted, laboratory prototype, measurement 
sub-system has been constructed, but a second prototype which will give 
full three-dimensional measurement is under construction. Rather than 
duplicate the existing hardware, or attempt to combine two’ sub-systems with 
differing properties, two new sub-systems incorporating many improvements 
are being built. Not only does this allow substantial alteration of the 
design but it also leaves an intact sub-system which can be used for 
purposes such as: evaluation, development of calibration procedures, and 
demonstration.
8.1 Measurement Instrument Improvements Being Incorporated Whil3t 
Constructing the Second Prototype.
The optical components of the existing sub-system have all been 
individually mounted on bases that may be clamped to a flat plate. This-^ 
arrangement was chosen because it allowed a variety of configurations to be 
tried and was easy to modify. However, now that the configuration of the 
measurement instrument has been established, it has been decided to use a 
more compact but less flexible system of mounting. In addition, advantage 
has been taken of the construction of a second prototype to produce a 
portable version of the system which is tripod-mounted and to give better 
enclosure of the laser beam so that safety precautions may be less 
stringent.
Improved optical scanners are being incorporated into the new system, 
they were not commercially available at the time when the components for 
the first prototype were purchased, but no other alterations are being made
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to the optics. In particular, this means that the proposed changes to the 
laser beam power and expansion ratio of the collimator are not being 
implemented, and their introduction is to be delayed until the second 
prototype has been evaluated.
Reduction of performance owing to electrical noise is the major 
problem of the existing sub-system and the measures necessary to reduce its 
significance require substantial alteration of the physical lay-out of much 
of the instrument's circuitry. Only the circuitry which generates the non- 
tracking- mode command input for the controller is being completely re­
designed because its facilities were insufficient; for all other circuitry, 
new printed circuit boards are being designed. Improved power supplies and 
a rationalisation of the electronics' earth connections are the most 
important changes being made to the second prototype's electronics. Each 
circuit board is being given a Euro-card format with on-board regulators, 
and a special wire-wrapping board with good electrical screening and well- 
layed-out power supplies has been designed for the digital circuitry. 
Whilst undertaking this re-design, some of the circuitry is being re­
distributed between the various boards to give a better division of 
functions and thereby make future alterations more simple.
No changes are being made to the positions of the state-space 
controller's closed-loop poles and the gain of the P.I.D. controller is to 
remain fixed because it was considered to be premature to alter the 
controller as it is dependent upon many other parts of the system. In 
particular, it is sensitive to electrical noise and it is difficult to 
accurately predict the improvements that will be achieved by the measures 
described above.
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The measurement system control program is being re-written to take 
account of the changes in the measurement instrument's electronic circuitry 
and the introduction of a second sub-system. In addition, its structure is 
being altered to that of an overlay program and many of the other 
improvements suggested in chapter 4 are being included. Software for the 
remote computer is also under development. Much of the software for 
target-position calculation is complete but compensation for the non-linear 
response of the optical scanner and determination of the light spot 
position from the quadrant detector outputs is required.
8.2 Future Developments.
In addition to the changes currently being implemented during the 
design and construction of the second prototype, there are a number of 
other developments which are envisaged for the measurement instrument. 
These are primarily concerned with the construction of an instrument which 
would be directly utilisable by manufacturers and users of industrial 
robots. These developments are:-
1. The design of a more sophisticated target.
Few resources have been devoted to target construction: the 
existing one is a retro-reflector set into an accurately machined 
reference cube and mounted on a universal joint. This allows the 
retro-reflector to be rigidly fixed to the end of the robot arm in any 
orientation and its position and orientation measured by a theodolite. 
Although this is adequate for the purpose of research using one sub­
system, such a target limits the range of possible robot trajectories 
that can be measured and is unsuitable for use by the full measurement
instrument consisting of two sub-systems. Thus, it.is envisaged that 
a target stabilised by a low-accuracy gyroscope and incorporating two 
retro-reflectors will be designed and built. However, there are no 
plans to dispense with the retro-reflectors in an attempt to make a 
system which is able to measure the orientation of a robot as well as 
its position: this would be a radical extension of the system that 
would be inappropriate before a fully working position measurement 
system had been constructed.
2. The construction of a reference device that would permit the 
measurement system to calibrate itself.
The relative position and orientation of the two sub-systems of 
the measurement instrument must be determined whilst the system is in 
use before the position of the target can be calculated. Although 
some form of independent measurement method is essential for the 
design and calibration of the instrument, it is desirable that the 
final system is capable of calculating the relationship between its 
sub-systems using the outputs normally employed in the measurement of 
target position. Such a strategy avoids the necessity of using the 
instrument in conjunction with another measurement system. It is 
intended that a calibration device which either has an array of fixed 
targets whose relative position are known or is able to move the 
target through a series of known positions will be placed in the 
instrument's working volume and the outputs of the instrument 
recorded. Once these measurements have been taken, the instrument 
will be able to determine the sub-system positions with respect to the 
calibration device which can then be removed so that measurement of 
the robot's position can be commenced. The calibration device could
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be used in shop-floor situations with minimal disruption of the 
robot's working environment because robots do not fill the entire of 
their working-volume simultaneously and the device need not be 
precisely positioned with respect to the measurement system.
3. Transferring the facilities of the remote computer to the measurement 
instrument's microcomputer.
Although the use of a second computer to supervise the control of 
the measurement system via its own microcomputer and to analyse the 
data is a convenient arrangement for research purposes, many potential 
users have expressed reservations about retaining this arrangement 
when a final system is produced because they may not have either a 
suitable machine or the necessary software development resources. It 
has therefore been decided that the microcomputer should be upgraded 
so that it is sufficiently powerful to perform the remote computers 
functions itself. At the same time, it would be beneficial if other 
improvements were gained by changing the computer hardware. In 
particular, it should allow simultaneous data collection and recording 
on a magnetic medium and have increased memory.
4. Further software development.
In addition to the software associated with the introduction of a 
more powerful computer with different hardware facilities, there is 
also a need for software which simplifies the use of the measurement 
system and allows data manipulation. The simplification of use would 
result from a more user-orientated program structure which would allow 
control of measurement in terms of the users needs rather than in
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terms of the measurement and data-acquisition systems' control 
functions. Data manipulation would include facilities such as: 
changing reference frames, producing plots of all or part of the data, 
comparing data from different measurement cycles, and performing 
statistical calculations. Also, the measurement system must produce 
data which is in a suitable format for transfer to other computers 
because many users of the measurement system will require the co­
ordinates of the robot's position for analysis by their own software. 
However, it is also likely that there will be a need for specific 
applications software. For example: the testing of robots according 
to a specific standard, the determination of particular robot 
parameters, or the validation of robot programs which have been 
prepared off-line. It may be possible to write this software so that 
it is independent of the laser-tracking measurement system and can use 
robot co-ordinate information from different sources.
2 2 2
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9. COflCLUSIOHS.
The research has been concerned with evaluating the use of laser 
triangulation for the dynamic position measurement of industrial robots. 
To this end, a sub-system of a full three-dimensional-measurement 
instrument has been designed, constructed, and tested. This sub-system 
contains all of the components which would be present in a complete system 
and, as such, deductions based on results obtained from it are applicable 
to an instrument which could measure, the position of a freely moving point 
on a robot arm.
The prototype instrument has demonstrated that triangulation by laser 
is a viable method of determining the position of a robot whilst it follows 
a trajectory at normal working speeds. Results obtained by measuring the 
movements of a point-to-point pneumatic robot and a precision, servo- 
driven, linear-motion device show that the instrument can satisfactorily 
track the movements of its target at speeds of over 1.5m/s.
Persistent electrical interference problems associated with the 
position transducer electronic circuitry of the optical scanners have 
seriously limited the accuracy to which the mirror rotations of the beam- 
steering unit can be determined. This has reduced the overall precision of 
the measurement instrument so that, without signal averaging, the accuracy 
of the system is +0.7mm horizontally and +2.2mm vertically at a stand-off 
distance of 3»5metres. The differing accuracy for horizontal and vertical 
measurement is due to the physical layout of the electronic circuitry and 
does not reflect an inherent attribute of the instrument's design. 
Clearly, major improvements in the implementation of the electronic 
circuitry are desirable so that those elements which are causing the
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interference are contained and the sensitivity of those which are
susceptible to it is reduced. Such improvements are being incorporated
/
into the second prototype of the measurement instrument which is currently 
being constructed.
Undoubtedly, the major limitation of the measurement technique is the 
availability of optical scanners which have sufficient accuracy, range of 
rotation, and speed of response. Several types of system for deflecting 
light beams are available and each performs well in at least one of these 
respects; however, galvanometer-type optical scanners offer the best 
compromise for the tracking of a target attached to a robot. It is likely 
that the scanners currently incorporated into the measurement system will 
suffice for most envisaged applications provided that the electrical 
interference problems can be over-come.
Although commercial optical scanners have been used, the associated 
drive amplifiers and controllers were completely re-designed to improve the 
mirror response and simplify their inclusion into the overall tracking-mode 
control-loop of the measurement system. It has been shown that they are 
particularly well suited to control using state feed-back with the 
inaccessible states provided by an observer. However, the design has 
highlighted the problem of choosing suitable criteria for determining the 
optimum positions of the closed-loop poles for this type of controller.
A unique feature of the control system is its two modes of operation. 
The necessity for this arises because it is not always possible to ensure 
that the laser beam is incident upon the target. The ability to switch 
modes allows tracking to be commenced as the moving target passes through 
the laser beam. This has been shown to be useful for both triggering data-
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acquisition at a particular point in a robot cycle, and for recovering the 
target after tracking has been lost owing to an obstruction preventing the 
laser beam from reaching the target. The single prototype measurement sub­
system has demonstrated that the change from non-tracking to tracking mode 
can be accomplished in less than 2ms. This is sufficiently fast for a 
dither signal to be used to reduce the sensitivity of the measurement 
instrument's mode switching to inaccuracies in the robot’s trajectory.
Although the calculation of robot position using information derived 
from the measurement instrument hardware is not performed simultaneously 
with the collection of data, laser triangulation is essentially a 
continuous measurement technique. As such, the speed of data acquisition 
is limited by analog-to-digital conversion and data storage. The small 
number of signals which must be recorded permit the use of successive- 
approximation converters which can give adequate measurement band-width at 
reasonable cost. Sampling rates of up to 3*47kHz are possible with the 
existing measurement sub-system, but the maximum rate will be reduced to 
about 2kHz for a full three-dimensional-measurement instrument if similar 
data-acquisition circuitry is used.
Only measurement systems where the entire movement of an illuminated 
target attached to the robot arm is mapped by lenses onto light-sensitive 
detectors (such as the Selspine Robot Check) are comparable in accuracy, 
sampling rate, and variety of measurable trajectories. As there is no 
clear advantage of either technique and no substantial difference in 
capabilities, further development of both measurement methods will be 
necessary before their differing advantages can be distinguished.
It is desirable that a single measurement instrument could be used to
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determine all of the geometric and kinematic parameters of an industrial 
robot because this would reduce the amount of equipment necessary for on­
site performance testing and simplify the development of test programmes. 
Although the laser-triangulation measurement system has been designed to 
satisfy the need for a device which can measure the dynamic performance of 
robots, it is likely that the accuracy of the final instrument will be 
sufficient for the measurement of static parameters in many situations. 
Nevertheless, it is improbable that it will be able to attain the precision 
of some existing static measurement methods, and these will still need to 
be used in conjunction with the laser-triangulation system in certain 
circumstances.
The expected conclusion of the research programme is the construction 
of a portable measurement instrument for determination of industrial robot 
position. The instrument will be able to measure the co-ordinates of a 
point on a robot arm whilst it performs an arbitrary working cycle at 
normal operating speeds. It is anticipated that this will be of use to 
both manufacturers and users of industrial robots as well as being a 
valuable research tool
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APPENDICES
Appendix 1. The Reflection of a Light Ray by a Plane Mirror.
This appendix describes the geometric properties of plane mirrors 
using vector methods and no consideration is given to the effects of the 
mirror's reflectance and polarisation of the incident beam.
Consider the situation where a beam of light is reflected from a plane
mirror whose normal is given by the unit vector n_ (refer to figure A1.1).
-3
If the direction of the incident beam is b., and that of the reflected beam
-4
is b_ then by the laws of reflection, the vectors b., n_, and b_ are all 
-b -4 -j -b
co-planar and the angle between the incident beam and the normal to the 
mirror will be equal to the angle between the same normal and the reflected 
beam. The first of these conditions implies
-5  = “A  + U10^5 (A1,1 )
where n and n. are scalars, and the second implies y i u
b,_.ii^  = b^.n^ (A1.2)
provided that Ib. | = ib_|. Equation A1.2 may be used to eliminate from 
-4 -b 1 o
equation A1.1 to give
-5 = u954 “ (1 ‘ u9)(-4‘25)25 (A1’3)
Then by taking the scalar product of each side of this equation with itself
2 2 2 and eliminating b^ using b^ _ = b^ and n^ = 1
(1 - ^  = (1 - H g K b ^ ) 2 (A1-4)
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2 2However, the scalars b. and (b-.n^) are only equal if b. and n„ have the
- 4  - 4  - 5  - 4  - 3
same direction (i.e. when the beam of light is perpendicular to the surface 
of the mirror), so that ji - +1 and either
y -
b5 = -b4 (A1.5)
or ^5 = ^4 • 2^ 4*23)53 (A1.6)
But as a plane mirror does not always reflect light back along its original 
path, equation A1.5 may be rejected to leave equation A1.6 as the one which 
may be used to calculate the direction of the reflected beam.
If a point on the mirror's surface is m^ and a point on one ray of the
beam is a then the point at which the ray impinges upon the mirror, a_, is 
—  ( -8
given by
2a = + ^11^4 <A1-7)
and (aQ - = 0  (A1.8)
where 11., is a scalar. Hence 11
(27  + -  ? 4 ^ 2 3  = 0 (A 1 .9 )
This may be solved to find n which may then be substituted back into 
equation A1.7 to give
(m, -
a8 - ^  + - - i -- : (A1.10)
Thus equations A1.10 and A1.6 give the position and direction of the 
reflected ray in terms of the position and direction of the incident ray
2 3 6
and the position and orientation of the plane mirror.
An example of the use of these equations is in the proof of the retro-
reflector’s properties. Suppose that the mirrors of the retro-reflector
have normals n., n_, and n^, and that they intersect at the point m_.
-4 - 5 - 0  -5
These normals, which are unit vectors, will be mutually perpendicular if 
the reflector is perfect so that the scalar product of any two is zero. If 
an incident ray has the direction then it will be reflected by the first 
mirror in the direction
i7 ■ i6 - 2[V ^ ! ? 4  (a1-11)
and by the second mirror in the direction
ig = (-6 ' 2[i6-24]24} • 2^ 6  '
= ?6 " 2^ 6 ,? 4 ^ 4  " 2^6'25^25 (A1.12)
The final mirror reflects the beam in the direction
5g = (56 ‘  2^6*?4]54 '  2t?6-!?5]55) >  
2 ^ 6  " 2^ 6,-4]2'4 ' 2^6-25^55)-?6!?6 
= 56 ’  2[V 5 4 ] -4 " 2[ - 6-% ] ?5 ~  2^ 6 ‘25] -6
= b6 - 2b6 = -b6 (A1 .13)
This result is independent of the order in which the reflections take place 
and of the orientation of the retro-reflector.
The points on the retro-reflector's mirrors where the ray is reflected 
are given by
237
(hl - aQ).nfi
210 = 2g + (A1*U )
56*26
+ (25 - 2i0)-26. ...
—11 2io "**-------------- 57 (A1*15)
V 2 e
- a ).n.
2i2 = 2,-) + ~ ” 58 (A1.16)
5s* 26
where aQ is a point on the incident ray. After algebraic manipulation, the 
-9
last two of these equations give
56*26
2n  = 25 + (?9 - S j M s g  -
56*25
■ (29 ■ 25)^24 • (A1.17)
56*55
and a ^  = 2m^ - a^ - — 2--- 2----b^ (A1.18)
56*“6
Equations A1.13 and A1.18 imply that the equation of the line on which the 
reflected ray lies is
r “ 225 " f9 + ^ 2-6 (A1.19)
Thus the centre of the retro-reflector lies on the line
2 5 5 (2i2 + 29} + wi356 (A1*2°)
2 3 8
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Appendix 2. The Electronic Circuitry Used for Switching Between Control 
Modes.
The circuitry used when enabling and disabling the tracking control 
mode is shown in figure A2.1. This circuitry is linked by one control line 
and three status lines to the microcomputer interface, and by three signal 
-lines to the circuitry which switches between control modes. The circuitry 
also has a three-position single-pole switch and light emitting diodes with 
which it interacts directly with the operator of the measurement system.
The operator has the choice of either explicitly permitting or 
preventing the sub-system tracking the target (the top and bottom positions 
of the switch) or allowing it to be determined by the computer (the centre 
position of the switch). In the later situation, the logic signal which 
specifies the enabled control mode —  "Enable Tracking" —  is linked to the 
least significant bit of the microcomputer interface's internal control 
byte —  "Enable/Disable Tracking". This bit may be set or reset by the 
microcomputer in response to commands of either the operator or the remote 
computer, thus enabling and disabling the tracking control mode.
The three status lines which inform the microcomputer of the current 
state of the mode-switching circuitry are connected to the microcomputer 
interface's internal status byte. These signals are: "Tracking under 
computer control" (which is low if the operator is explicitly permitting or 
preventing the tracking control mode), "Tracking Enabled", and "Beam-on- 
Detector". The last two of these signals are also displayed on the front 
panel of the sub-system electronic together with "Enable/Disable Tracking".
Figure A2.2 shows the circuitry which generates the "Beam-on-detector"
2 4 0
signal referred to above. The circuitry consists of two comparators, a bi­
stable latch, and a couple of logic gates which combine the "Beam-on- 
Detector" and "Enable Tracking" signals to from the "Tracking Enabled" 
signal. This latter signal and its compliment determine which control mode 
is active at any instant.
Each of the two comparators has an input whose voltage level may be 
adjusted via a one hundred kilo-Ohm potentiometers to give any desired 
mode-switching thresholds (see section 4*2). The comparator shown at the 
top of figure A2.2 determines the upper threshold and the one shown at the 
bottom determines the lower threshold. The circuit also contains a third 
potentiometer which may be used to reduce the input voltage, Z^, to within 
the range acceptable to the comparators.
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Appendix 3« The Computer Software.
An assembly language listing of the measurement-system-control-program 
commences on page 246. It uses Zilog mnemonics and was assembled using 
Microsoft's MACRO-80 assembler. The first (and most substantial) module of 
the listing is called MSCP8. This module forms the main core of the 
program and consists of all sections of the code which are unlikely to be 
useful in other applications without extensive alteration. Following MSCP8 
is a short module called DATA (refer to page 268). This module, which does 
not include any executable code, must be the last module loaded when 
linking the program together because the 32 kilobytes of memory which 
follow it are used to store data from the measurement system. If the 
measurement-system-control-program is modified or if the size of the 
microcomputer's transient program area is reduced then the address of the 
last byte of the module DATA must be checked to ensure that there is 
sufficient space above it for both the measurement data and the 
microcomputer stack. The stack is always placed at the top of available 
memory by the measurement-system-control-program.
Commencing on page 269 are listings of the assembly language modules
which, when linked to the modules MSCP8 and DATA, complete the measurement-
system-contro1-program. These modules are listed in the “order that they 
would occur in a computer library i.e. no module refers to a module which
precedes it in the listing.
The facilities of the measurement-system-control-program may be 
extended by adding new commands to either PR1ME-control-mode or local- 
control-mode. To do this an entry is added to either the command tables 
which may be found in MSCP8 at locations 01 7B' and 0447' and whose format
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is described in the comments accompanying the module CMND on page 271. One 
part of the entry added to the table is the address of the service routine 
which decodes the new command's parameters and takes appropriate action 
before returning to receive the next command. This service routine should 
be added to the code at location 0414' if it is for a PR1 ME-control-mode 
command and at location 0760' if it is for a local-control-mode command. 
Frequently such a service routine will require code which is common to both 
PRIME and local control-modes. This code may be added at location OD69' in 
the form of a subroutine. The only registers which contain useful 
information when the command service routine is entered are D and E: the DE 
register pair points to a place in the command input buffer which is 
appropriate for a call to one of the routines PEND, PCHAR, or PNUMB. The 
command service routines may corrupt any of the registers.
Following the listings of the measurement-system-control-program is a 
listing of a series of F0RTRAN77 subroutines which may be used to generate 
PR1 ME-control-mode prompt sequences and decode replies to them. These 
subroutines are included in programs which run on a remote computer system 
and control the measurement system. They have all been fully tested on 
PRIME computers and it is unlikely that they will require modification for 
any other computer system for which a F0RTRAN77 compiler is available. 
Note, however, that despite strict adherence to the 1977 ANSI FORTRAN 
programming standard portability of these subroutines cannot be guaranteed. 
In particular, any computer on which the subroutines are run must accept 
values for variables of type INTEGER in the range -32768 to +32767. An 
equivalent set of subroutines could be prepared in most other high level 
computer languages but F0RTRAN66 would not be suitable because of its 
limited character handling facilities.
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Appendix 4« The Electronic Circuitry Used to Generate the External 
Beam-Position Command Signal.
The complete measurement system has four optical scanners each of 
which must have its position controlled when directing the laser beams in 
non-tracking control mode. This is a relatively simple problem when 
compared to those which arise when attempting to control the scanners in 
tracking mode because each scanner may be positioned independently of the 
others and only the superimposed dither signals need to be synchronised.
A block diagram of the electronics which generate the external beam- 
position command for the optical scanners of one sub-system is shown in 
figure A4«1* Only the latch strobes and data lines from the interface are 
under the control of the computer; all of the other inputs and the switch 
position are determined by the operator.
Two limitations of the circuitry in figure A4*1 should be apparent: 
firstly, when manual control of the beam position is selected, the system 
is unable to rapidly through a sequence of positions because the manual 
beam-position inputs are set by the operator adjusting two potentiometers; 
secondly, the dither input will remain unchanged when the beam position is 
altered. The circuitry has the further disadvantage of employing only 
eight-bit digital-to-analog converters which give a minimum beam-movement 
step of about fifteen millimetres at the normal stand-off distance for a 
robot under test. This resolution has proved to be insufficient during 
some experiments carried out by the measurement system.
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Appendix 5» A Description of the Data-Acquisition Timing and Control 
Circuitry.
Figure A5«1 shows parts of the data-acquisition timing and control 
circuitry, and their timing diagrams. The complete circuit is shown in 
figure 5«4 and its function is described in chapter .6. Only those sections 
of the timing diagrams which include the 1MHz clock signal may be 
considered to be to scale.
The part of the circuit which generates the channel number is shown in 
figure A5*1a. When the "sample/hold" signal is low, the contents of the 
divide-by-six ripple counter (74LS92) and the multiple D-type latch 
(74LS175) are set to zero so that the channel number points to the first 
analog signal to be digitised during the next data-acquisition cycle. When 
the "sample/hold" line is raised, negative pulses applied to the "write 
address strobe" line advance the channel number: the high-to-low transition 
of the strobe signal advances the counter, and the low-to-high transition 
transfers counter contents into the D-type latches. Note that the signals 
"A|" and "A^" are never both high simultaneously, and hence the sequence of 
channel numbers is 0,1,2,4,5,6 rather than 0,1 ,2,3,4,5* This effects the 
design of the address-line decoding circuitry for the buffer within the 
data-acquisition system.
The circuitry which determines whether the output lines of the analog- 
to-digital converter hold valid data is shown in figure A5.1 b. Whilst the 
outputs of the sample/hold modules are free to follow their respective 
inputs and the "sample/hold" signal line is low, the "data true" signal is 
forced low to indicate invalid data. The "data true" signal is raised when 
the "EOC" signal goes low. This signal is generated by the analog-to-
295
digital converter and its high-to-low transition indicates the end of a 
conversion. The timing diagram of figure A5*1b includes the analog-to- 
digital conversion cycle. The cycle is initiated hy the start of a 
positive pulse on the "trigger" signal line and takes approximately five 
microseconds to he completed. During the cycle the "EOC" signal line is 
high and the analog-to-digital converter's output data is changing. The 
"data true" signal is lowered when the data has been transferred into the 
data-acquisition system's buffer, and this is completed when the "write 
address strobe" signal goes low.
Figure A5«1 c shows the circuitry which responds to the "data true" 
signal. One microsecond after the "data true" signal becomes active this 
circuitry generates a negative pulse on the "write enable" line which 
latches data into the data-acquisition buffer (see figure 5»5)» The delay 
ensures that the data lines have settled to their final values before the 
buffer is enabled. Once the data transfer is completed, the "write address 
strobe" signal is also lowered for one microsecond so that the "channel 
number" points to the next analog signal to be digitised, and the "data 
true" signal is reset. The circuitry shown in figure A5*1c also generates 
a signal labelled "d" which is used in the formation of the sample/hold 
module's "latch control" signal.
The function of the "latch control" signal is to freeze the states of 
the sample/hold module's gain and channel select latches. It must be 
lowered one microsecond after the "sample/hold" signal is raised and three 
microseconds after the "channel number" is altered. The "latch control" 
signal is set when the "sample/hold" signal is low, and when the "data 
true" is lowered. The circuitry which generates "LC" (the compliment of 
"latch control") is shown in figure A5*1 d.
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The final part of the data-acquisition control circuitry is shown in 
figure A5«1e. This circuitry generates a trigger pulse for the analog-to- 
digital converter two microseconds after the "latch control" signal is 
lowered. It also produces the signal "test EOC" which, when substituted 
for the "EOC" input signal, allows the data-acquisition control circuitry 
to be tested in isolation.
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Appendix 6. A Description of the Microcomputer's Hardware.
The microcomputer used for controlling the measurement system and for 
transferring data to the remote computer is a MIDAS 2D system supplied by 
Sirton Computer Systems. It is an S100 bus system containing the following 
circuit boards:-
A California Computer System's CPU board containing a Z80 
microprocessor driven by a 4MHz clock and a V24 serial port providing 
console input and output. Model number 2810.
A California Computer System's floppy disc controller. Model number 
2422.
A CompuPro RAM 17 board containing 64K Bytes of static random access 
memory.
A Cromemco TU-ART digital interface providing two channels of duplex 
serial data exchange, two channels of parallel data exchange, and ten 
interval timers.
The system has two Tandon TM100 5^" mini floppy disc drives (double sided, 
double density) providing a total storage capacity of 560K Bytes and was 
supplied with a CP/M 2.2 operating system. CP/M is a software product of 
Digital Research.
When originally supplied the system also included a Mountain Computer 
Inc. real time clock but this has subsequently been removed.
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Appendix 7 The Interface between the Measurement System and the
Microcomputer.
The interface through which the microcomputer communicates with the 
measurement system consists of two circuit hoards. One of these is a wire- 
wrapped S100 bus computer board whose circuitry is shown in figures A7-1, 
A7«2, and A7«3> and the other which forms part of the measurement system is 
shown in figures A7*4 and A7«5« The parallel data connection between the 
two boards is shown in figure 6.3*
When the microprocessor executes an output instruction which refers to 
one of the ports to which the interface responds, the S100 bus signal-line 
"sOUT" will become active (indicating that an output instruction is being 
executed) and the signal lines "board select" and "A^" will both be low 
(indicating a valid interface port address). This sets a D-type flip-flop 
which pulls down the S100 bus signal "pRDY" (see figure A7.1 )• Lowering 
this signal line results in the microprocessor suspending its activities 
until it is subsequently raised. Setting the D-type flip-flop will also 
raise the "data available from the computer" handshake line after a 
suitable delay generated by a monostable multivibrator and another D-type 
flip-flop. This handshake line informs the interface board within the 
measurement system that the microcomputer is transferring data to it. Once 
this sequence of events has been completed, no further action is taken by 
the microcomputer until the measurement system indicates that it has 
received the microcomputer's data. This data is put onto the eight-bit bi­
directional data bus which connects the two parts of the interface by tri­
state buffers when the S100 bus signal "pWR" becomes active. It should be 
noted that "pWR" becomes active after "sOUT" becomes active but before the 
microprocessor responds to the "pRDY" signal so that the data lines to the
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measurement system are stable by the time that the "data available from the 
computer" handshake line is raised.
When the interface was first constructed, problems were experienced 
with the timing of the microprocessor’s response to the "pRDY" signal and 
an alteration was made to the interface’s design (this is shown as a 'dashed 
line in figure A7«1 )• If the interface is used with a microcomputer which 
has a different processor board then this alteration may have to be 
removed. This is an unfortunate consequence of not all S100 bus board 
adhering strictly to the IEEE S100 bus standard.
The measurement system circuitry which responds to the raising of the 
"data available from the computer" handshake line is shown in figure A7-4- 
When the handshake line becomes active a monostable multivibrator and a 
three-to-eight-line multiplexer generates a strobe pulse on one of four 
signal lines. This pulse is used to latch data from the microcomputer into 
one of four registers. These are:-
DAC register^ The contents of this register is the input to the
digital-to-analog converter whose output is one of the 
external inputs to the controller for the optical 
scanners.
This register is used to generate the other external 
input to the optical scanner controller.
This register is used to control the various modes of 
the measurement system’s operation and is described in 
chapter 5 and its related appendices.
DAC register^
Control register^
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Control register^ The contents of this register appear as the eight TTL
logic signals which comprise the "external control 
port". These signal lines may he used to synchronise 
the measurement system's activities with those of other 
equipment.
At the completion of the strobe pulse the measurement system raises 
the "data accepted by the measurement system" handshake line which 
indicates to the computer that the transfer of data has been completed. 
This causes the microprocessor's execution to be resumed and the output 
instruction terminated.
A similar "handshake" procedure is used when the microprocessor 
executes an input instruction which refers to one of the ports to that the 
interface responds and the relevant circuitry is shown in figures A7.2 and 
A7.5* The lowest twelve of the sixteen input port addresses to which the 
interface responds causes data from the data acquisition circuitry's 
twelve-bit buffer to be transferred to the microcomputer. The inputs from 
the next two port addresses transfer sixteen bits of data from the 
calibration device (least significant byte from the lower port) and inputs 
from the highest two port addresses transfer data from status register^ and 
status register^* Status register^ provides information concerning the 
state of the measurement system's control (see chapter 5) and status 
register^ may be used to determine the state of external equipment.
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Appendix 8. A Description of the Microcomputer's Clock Board.
The clock which generates the time intervals between acquisition of 
data samples is a single wire-wrapped S100 bus board which responds to 
output instructions for any of four ports. The four most significant bits 
of the port addresses are determined by setting switches on the edge of the 
board and the four least significant bits are (in binary) 0000, 0001, 0010, 
and 0011. An output to the first of these ports loads the clock control 
register and outputs to the other three ports loads the clock data 
registers. The 74LS TTL circuitry which performs the address decoding for 
the clock and latches data into the four eight-bit registers is shown in 
figure A8.1. Note that, as shown in this figure, the outputs of the four 
registers is the complement of the data sent to the microcomputers output 
ports. This is to ensure that when the board is reset the clock data 
registers are not initialised to give the shortest clock interval but 
instead give the longest clock interval.
The counter which provides the clock interval is shown in figure A8.2. 
This is a twenty four bit synchronous counter which counts up. The input 
to the counter is 125kHz square wave which is derived from the 2MHz clock 
signal of the S100 computer bus using a four-bit binary counter. Once the 
clock has been loaded and allowed to run the count of the twenty four bit 
counter will continue to advance until it reaches the number FFFFFF 
hexadecimal. At this point the "Clock Out" line will go high which will 
cause, two microseconds later, the "PE" inputs to the counter to go low. 
The two microsecond delay is generated using a D-type latch and a square 
wave of twice the counter input frequency to avoid propagation delay 
problems. The next low to high transition of the counter input after "PE" 
has gone low causes the contents of the three clock data registers to be
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loaded into the counter and a new clock cycle commenced. This sequence of 
events results in the "Clock Out" signal being high for eight microseconds 
of a (n+l)x8 microsecond cycle where "n" is the twenty four bit number 
loaded into the three clock data registers.
The control logic for the clock board is shown in figure A8.3« This 
circuitry results in the individual bits of the clock control register 
having the following significance:-
Bit 0 When this bit is low the clock is running. When high the clock
is stopped and the data from the clock data registers is loaded 
into the counter. This bit is latched and is set high when the 
board is reset.
Bit 1 Any interrupt request generated whilst this bit is high will be
delayed until it subsequently goes low or the interrupt is 
explicitly cleared. This bit is latched and is set high when the 
board is reset. -
Bit 2 Outputting "1" to this bit of the clock control register will
clear any pending interrupt. Outputting "0" to this bit will 
have no effect. This bit is not latched. Any pending interrupt 
is cleared when the board is reset.
Bit 3 If this bit is low then each time the "Clock Out" line goes high
the "Sample/Hold" line will be raised and this will initiate the 
acquisition of a data sample by the measurement system. This bit 
is latched and is set high on board reset.
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Bit 4 If bit 3 is high then outputting "1" to this bit of the clock
control register will lower the "Sample/Hold" line (the state 
after board reset) and outputting "0" to it will raise the 
"Sample/Hold" line. However if bit 3 is low then outputting "1" 
to this bit will still lower the "Sample/Hold" line but 
outputting "0" to it will have no effect.
Bit 5 Resetting this bit will cause the clock to generate an interrupt
request each time the "Clock out" line goes high. This bit is 
latched and is set high on board reset.
Bit 6 Resetting this bit will cause the generation of ah. interrupt
request each time there is a low to high transition of the 
"External" line. This bit is latched and is set high when the 
board is reset. Note: the measurement system does not use this 
facility of the clock board and in order to avoid the generation 
of spurious interrupts this bit should not be reset.
Bit 7 Resetting this bit will cause the generation of an interrupt
request each time there is a low to high transition of the 
"Buffer Filled" line. This bit is latched and is set high when 
the the board is reset.
Only one of the bits 5, 6, and 7 should be low at a time because the clock 
board does not contain a status register which the microprocessor could 
interrogate to determine the cause of an interrupt.
The interrupts generated by the clock board take the form of an "RST" 
instruction being placed onto the computer bus during the interrupt
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acknowledge cycle. The circuitry which performs this task is shown in 
figure A8.4- the particular "RST" instruction generated is determined by 
three switches on the edge of the computer board. Care must be taken when 
using the clock board to generate such interrupts to ensure that no other 
board in the microcomputer is simultaneously generating an interrupt. If 
such a condition occurs then it is likely that the computer bus conflict 
will result in the microprocessor executing an "RST" instruction which 
corresponds to neither of those intended by the boards generating the 
interrupts and the computer's program will loose control.
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Appendix 9« The Electronic Circuitry of the Target-Positioning Device*
The Acu-Rite Miniscale which is used to find the location of the 
carriage on the target-positioning device has two outputs; these are TTL 
signals which hoth change state at 0.02mm intervals along the length of the 
position transducer. The state transitions of ihe signals are staggered so 
that it is possible to deduce the direction of travel and the position of 
the carriage with a resolution of 0.01mm. However, the circuitry described 
below achieves an effective resolution of only 0.02mm; this both simplifies 
the circuitry and limits the output of the position transducer to a 
sixteen-bit number which is convenient for transfer to the micro-computer.
Figure A9»1 shows the circuitry which generates the inputs to a 
counter from the outputs of the Acu-Rite Miniscale. When the counter is 
enabled by raising the "Stop count and enable clear" signal, each state 
transition of one output of the position transducer results in a clock 
pulse whose duration is determined by the 74LS122 mono-stable 
multivibrator. This pulse either increases or decreases the count 
depending on the level of the "169 Up/Down" signal which is the delayed, 
exclusive-OR of the position transducer outputs. (The delay is required to 
compensate for other propagation delays elsewhere in the circuitry.)
The "Stop count and enable clear" and "clear" signals of figure A9»1 
are both generated by front panel switches. Lowering the first of these 
signals effectively disconnects the counter from the Acu-Rite Miniscale so 
that the target can be moved without disturbing the contents of the 
counter. This signal also enables the "clear" signal which, when 
momentarily lowered, resets the counter to 8000^.
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The final input signal to the circuitry of figure A9.1 is "Hold count" 
which is normally connected directly to the "Sample/Hold" line of the data- 
acquisition system and is used to freeze the output of the latch which 
receives its input from the counter. To avoid disabling the transparent 
latch whilst the counter is changing, the "Hold count" line is synchronised 
by a latch that is enabled by the mono-stable multivibrator.
The counter and latch to which the circuitry of figure A9.1 is linked 
is shown in figure A9»2. The counter has sixteen stages, and the latch is 
transparent.
As well as the latched output of the counter being used to determine 
where the target-positioning device carriage is during data acquisition by 
the measurement system, the eight most significant bits of the counter's 
output are also used to control the target-positioning device (see section 
7«1 )• The analog equivalent of the most significant byte of the counter 
output is generated by the digital-to-analog converter shown in figure 
A9«3» The difference between this signal and a "Command input" signal is 
fed, via a dead-band circuit, to the motor drive amplifier of the target- 
positioning device (a McLennan Servo Supplies Ltd. EM100A B.C. servo 
system). The "Command input" signal corresponds to the desired position of 
the carriage and is usually provided by a signal generator which is 
independent of the measurement system.
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A9*1 The Interface Between the Acu-Rite Miniscale and the Counter 
and Latch of the Target-Positioning Device Controller.
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